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13.  A  symposium  on  Polymeric  Materials  for  Photonic  and  Optical  Applications  was  held 
as  part  of  the  4ch  Chemical  Congress  of  North  America  and  202nd  ACS  National 
Meeting  during  August  25-30,  1991  in  New  York,  N.Y.  This  symposium  was  sponsored 
by  the  ACS  Division  of  Polymer  Chemistry  and  the  ACS  Division  of  Polymeric 
Materials:  Science  and  Technology  with  the  cooperation  of  the  Optical  Society  cf 

America.  The  symposium  organizers  were  G.  C.  Bjorklund,  G  Hadziioannou . 
Torkelson,  and  M.  A.  Winnik. 

The  goal  of  the  sympsoium  was  to  cover  in  depth  the  chemistry,  characteritacion , 
and  device  application  of  polymers  for  photonics  and  optics.  The  major  objective 
was  to  bring  together  leading  experts  from  around  the  world  to  elucidate  Che 
major  scientific  challenges  and  hurdles  that  must  be  overcome  for  photonic 
polymers  Co  reach  their  full  potential  and  find  major  device  applications. 

The  symposium  consisted  of  a  tutorial  session,  a  poster  session,  and  five  oral 
sessions,  extending  over  three  frull  days.  A  total  of  32  distinguished 
scientists  presented  invited  papers.  Of  these,  21  were  from  North  America.  ^ 
from  Europe,  and  2  from  Japan.  In  addition,  28  contributed  papers  were 
presented.  Interactions  among  the  attendees  were  quite  good  and  the  overall 
attendance  was  strong,  with  some  of  the  sessions  being  he''d  by  more  than  250 
people . 


DTIt  QVM.ry  TTJPPFnTT-T'' 


DISCIAIMIR  NOm 


TfflS  DOCUMENT  IS  BEST 
QUALITY  AVAILABLE.  THE  COPY 
FURNISHED  TO  DTIC  CONTAINED 
A  SIGNinCANT  NUMBER  OF 
PAGES  WHICH  DO  NOT 
REPRODUCE  LEGIBLY. 


SYMPOSIUM  ON  POLYMERIC  MATERIALS  FOR 
PHOTONIC  AND  OPTICAL  APPLICATIONS 


-  FINAL  TECHNICAL  REPORT 


4th  Chemical  Congress  of  North  America  and 
202nd  ACS  National  Meeting 

New  York,  N.Y. 

August  25-30,  1991 


Arr’- 


ribut  Von 


, . ,  V  •*  »  r  C:  '  ^ 
UiiiiBit-ed 


SYMPOSIUM  ON  POLYMERIC  MATERIALS  FOR 
PHOTONIC  AND  OPTICAL  APPLICATIONS 

FINAL  TECHNICAL  REPORT 


A  symposium  on  Polymeric  Materials  for  Photonic  and  Optical  Applications 
was  held  as  part  of  the  4th  Chemical  Congress  of  North  America  and  202nd 
ACS  National  Meeting  during  August  25-30.  1991  in  New  York,  N  Y.  This 
symposium  was  sponsored  by  the  ACS  Division  of  Polymer  Chemistry  and  the 
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were  G.C.  Bjorklund,  G.  Hadziioannou.  J.  Torkelson.  and  M.A.  Winnik. 

The  goal  of  the  symposium  was  to  cover  in  depth  the  chemistry, 
characterization,  and  device  application  of  polymers  for  photonics  and  optics. 
The  major  objective  was  to  bring  together  leading  experts  from  around  the 
world  to  elucidate  the  major  scientific  challenges  and  hurdles  that  must  be 
overcome  for  photonic  polymers  to  reach  their  full  potential  and  find  major 
device  applications. 

The  symposium  consisted  of  a  tutorial  session,  a  poster  session,  and  five  oral 
sessions,  extending  over  three  full  days  A  total  of  32  distinguished  scientists 
presented  invited  papers.  Of  these.  21  were  from  North  America.  9  from 
Europe,  and  2  from  Japan.  In  addition.  28  contributed  papers  were  presented. 
Interactions  among  the  attendees  were  quite  good  and  the  overall  atterJace 
was  strong,  with  some  of  the  sessions  being  held  by  more  than  250  people. 
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Session  1.  Tutorial 


SUNDAY  MORNING: 


1  8:45  Introduction  to  Nonlinear  Optics.  G.C.  Biorklund. 

2  9:30  Rational  Design  of  Organic  NLO  Materials.  T..I.  Marks. 

3  10:30  Characterization  of  NLO  Materials.  G.R.  Meredith. 

4  11:15  Materials  Requirements  for  Active  and  Passive  Devices.  R.  Lvtel. 

5  1:30  Introduction  to  Photorefractive  Materials  and  Phenomena. 

P.  Gunter. 


Sgsswn  2. 


Nonlinear  Optical  Properties  of  Polymers:  Theory  and  Experiment 


INDAY  AFTERNOON 


6  2:30  Orientation  of  Organic  Molecules  in  Sol-Gel  Matrices  for  Quadratic 

Nonlinear  Optics.  G.  Pucetti,  E.  Toussaere,  I.  Ledoux,  .1.  Zvss. 

P.  Griesmar,  C.  Sanchez . 

7  3:00  Electron  Correlated  States  and  Nonlinear  Optical  Properties  of  Linear 

Chains.  A.F.  Garito.  J.R.  Heflin . 


8  3:30  Linear  and  Nonlinear  Optical  Properties  of  Highly  Ordered  Conjugated 

Polymers  in  Polyethylene:  Orientation  by  Mesoepitaxy.  C.  Halvorson, 
D.  Moses,  T.W.  Hagler,  K.  Pakbaz,  A..I.  Heeger . 

9  4:00  Determination  of  Third-Order  Nonlinear  Susceptibilities  of 

Semiconducting  Polymers.  Comparison  with  Theoretical  Calculations. 
.1.  Messier.  F.  Charra,  C.  Sentein . 


61 

63 


65 


67 
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10  4:30  A  Survey  of  the  NLO-Polymer  Program  at  the  MPI.  C.  Bubeck, 

G.  Duda,  A.  Grund,  W.  Hickel,  W.  Knoll.  A.  Kaltbeitzel,  A.  Mathy, 


W.A.  Meyer,  D.  Neher,  T.  Sauer,  H.-U.  Simmrock,  G.  Wegner, 

A.  Wolf . 69 

11  5:00  Cubic  Nonlinear  Optics  of  Polymer  Thin  Films.  I.  Molecular 

Engineering  and  Processing  of  Polymers  with  Large  Third-Order 
Optical  Properties  for  Photonic  Switching.  S.A.  .Tenekhe. 

A.K.  Agrawal,  C.J.  Yang,  J.A.  Osaheni,  W.-C.  Chen,  M.F.  Roberts . 71 


8:30  Highly  Polarizable  Metallic  Complexes  for  Nonlinear  Optics. 

T.  Thami,  M.A.  Petit,  J.  Simon . 73 


9:00  Investigation  of  New  Molecules  and  Materials  for  Quadratic  Nonlinear 

Optics.  .I.F.  Nicoud . 74 

9:30  Preparation  of  Polymeric  Films  for  NLO  Applications.  R.P.  Foss, 

W.  Tam.  F.C.  Zumsteg . 76 

10: 15  Synthesis  of  Side-Chain  and  Main-Chain  Nonlinear  Optical  Polymers 
with  Sulfonyl  Acceptor  Groups.  D.R.  Robello.  J.S.  Schildkraut, 

N.J.  Armstrong,  T.L.  Penner,  W.  Kohler,  C.S.  Willand . 78 

10:45  Synthetic  Approaches  to  NLO  Polymers.  R.  Twice.  D.  Burland, 

M.  Lux,  C.R.  Moylan,  C.  Nguyen,  P.  Walsh,  C.G.  Willson,  R.  Zentel.  ...  80 

11:15  Novel  Sidechain  Polymers  for  Electro-optic  Applications.  D.E.  Allen. 

R.A.  Keosian,  G.  Khanarian,  J.  Hudop,  S.J.  Meyer . 82 


108  11:45  Synthesis  and  Nonlinear  Optical  Characteristics  of  Chromophore- 

Functionalized  Polymers  Having  Chromophore-Centered  Hydrogen- 
Bonding  and  Crosslinking  Groups.  Y.  Jin.  S.H.  Carr,  T.J.  Marks, 
W.  Lin,  G.K.  Wong. 
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MONDAY  AFTERNOON 


126  1:30  Synthesis  of  Controlled  Structure  Polyolefins.  R.H.  Gubbs . 84 


127  2:00  Chromophoric  Self-Assembled  Superlattices.  Multilayer  Construction 

of  Thin  Film  Nonlinear  Optical  Materials.  D.S.  Allan.  F.  Kubota, 

Y.  Orihashi,  D.  Li,  T.J.  Marks,  T.G.  Zhang,  W.P.  Lin,  G.K.  Wong . 86 

128  2:30  A  New  Molecular  Design  Concept  for  the  Poled  Polymers  —  Utilizing 

the  Off-Diagonal  Tensor  Components  of  the  Molecule.  T.  Watanabe, 

M.  Kagami,  H.  Yamamoto,  A.  Kidoguchi,  S.  Mivata.  A.  Hayashi, 

H.  Sato . 87 

129  3: 15  Novel  Polymers  with  Photorefractive  and  NLO  Properties. 

G.  Hadziioannou.  J.  Wildeman,  J.  Herrema,  P.  Soeteman, 

D.  Hissink,  J.  Brouwer,  R.  Flipse . 90 

130  3:45  Thermally  Stable  Electro-Optic  Polymers.  S.  Ermer.  J.T.  Kenney, 

J.W.  Wu,  J.F.  Valley,  R.  Lytel,  A.F.  Garito . 92 

131  4: 15  Design  and  Synthesis  of  a  New  Class  of  Photocrosslinkable  Nonlinear 

Optical  Polymers.  S.  Tripathv,  B.  Mandal,  R.J.  Jeng,  J.Y.  Lee, 

J.  Kumar . 94 

132  4:45  Towards  High  Susceptibilities  in  Soluble  Polyacetylenes  for  Non- 

Linear  Optics.  Le  Moigne.  A.  Hilberer,  C.  Strazielle . 96 


Session  5.  Processing  and  Characterization  of  NLO  Polymers 

TUESDAY  MORNING _ 

150  8:30  Second  Harmonic  Generation  and  Electrochromism  Studies  of  Electrical 

Properties  of  Nonlinear  Optical  Polymers  and  Devices.  C.S.  Willand. 

M.  Scozzafava. 

151  9:00  Orientation  and  Decay  in  Poled  Polymer  Nonlinear  Optical  Materials. 

K.D.  Singer.  L.A.  King . 98 

152  9:30  Second-Order  Nonlinear  Optical  Onset  and  Decay  and  Their  Relationship 

to  Polymer  Physics.  A.  Dhinojwala,  G.K.  Wong,  .I.M.  Torkelson . 100 
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153  10;  15  Second-Order  NLO  and  Relaxation  Properties  of  Poled  Polymers. 

D.Y.  Yoon.  D.  Jungbauer,  1.  Teraoka,  B.  Reck,  R.  Zentel,  R.  Twieg, 

J.D.  Swalen,  C.G.  Willson . 102 

154  10:45  Nonlinear  Optical  Properties  of  Polymer/Silver  Microsphere  Composites. 

M.P.  Andrews.  M.G.  Kuzyk . 105 

155  11:15  The  Photorefractive  Effect  in  Non-Linear  Polymers  Doped  with  Charge 

Transport  Agents.  .T.C.  Scott.  S.  Ducharme,  R.J.  Twieg, 

W.E.  Moemer . 107 

156  11:45  Second-Harmonic  Generation  from  Hyperpolarizable  Amphiphiles  at 

Polymer-Polymer  Interfaces.  .T.P.  Gao.  G.D.  Darling . 109 


Photonic  Polymers  for  Device  Applications 


TUESDAY  AFTERNOON 


174  1:30  Low-Loss  Graded-Index  and  Single-Mode  Polymer  Optical  Fibers. 

Y.  Koike.  E.  Nihei . Ill 

175  2:00  Planar  Polymer  Waveguides  for  Optical  Interconnections.  B.L.  Booth. 

J,E.  Marchegiano,  C.T.  Chang,  T.K.  Foreman,  J.L.  Hohman, 

S.L.  Witman . 113 

176  2:30  Guided-wave  Nonlinear  Optics  in  DCANP  Langmuir-Blodgett  Films. 

P.  Gunter.  Ch.  Bosshard,  M.  Kiipfer,  M.  Florsheimer . 115 

177  3:15  Optically  Nonlinear  Polymers  in  Waveguiding  Passive  and  Active 

Devices.  G.R.  Mohimann.  W.H.G.  Horsthuis . 116 

178  3:45  NLO  Polymers  for  Frequency  Doubling:  Synthesis,  Characterization 

and  Photochemical  Stability.  E.G..T.  Staring.  G.L.J.A.  Rikken, 

C.J.E.  Seppen,  S.  Nijhuis,  A.H.J.  Venhuizen . 118 

179  4:15  Recent  Developments  in  Efficient  Frequency  Doubling  in  Poled 

Polymer  Films.  G.  Khanarian.  S.  Meyer,  R.A.  Norwood, 

H.A.  Goldberg,  D.  Holcomb,  J.  Stamatoff . 120 

180  4:45  Photochemically  Delineated  Refractive  Index  Profiles  in  Polymeric 

Slab  Waveguides.  K.A.  Horn.  D.B.  Schwind,  J.T.  Yardley . 122 
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Poster  Presentations:  Polymeric  Materi  is  for  Photonic  and  Optical  Applications 
TUESDAY  EVENTNG _ 


5:30-7:30  PM 


205  Cubic  Nonlinear  Optics  of  Polymer  Thin  Films.  2.  Structure-x^^^  Relationships 
in  Rigid-Rod  Polyquinolines.  A.K.  Agrawal.  S.A.  Jenekhe,  H.  Vanherzeele, 

J.S.  Meth . 124 

206  A  Study  of  the  Competition  Between  Electric  Field  Induced  Molecular  Ordering 
and  Chemical  Cross  Linking  in  Vitrified  Nonlinear  Optical  Polymer  Films. 

J.D.  Bewsher.  G.R.  Mitchel . 126 

207  Metal  Nanoclusters  Within  Block  Copolymer  Microdomains.  G.S.W.  Craig. 

R. E.  Cohen,  Y.  Ng  Cheong  Chan,  R.R.  Schrock . 128 

208  Nonlinear  Optical  Properties  of  Linear  Epoxy  Polymers  with  Pendant  Sulfonyl 
Tolan  Groups.  M.  Ebert.  M.  Lux,  B.A.  Smith,  R.  Twieg,  C.G.  Willson, 

D.Y.  Yoon . 130 

209  Synthesis  and  Characterization  of  Monomers  and  Polymers  Containing 
Photoresponsive  Azobenzene-based  Sidegroups.  H..T.  Haitiema.  G.O.R. 

Alberda  v.  Ekenstein,  Y.Y.  Tan,  P.J.  Werkman,  A.J.  Koldijk,  T.S.  Boer .  132 

210  Poling  and  Chemical-Binding  of  Glass-Embodied  Chromophores  in  Supported 
Sol-Gel  Thin-Film  Glasses  for  Second  Harmonic  Generation.  Y.  Haruvy, 

J.  Bvers.  S.E.  Webber . 134 

211  Model  Molecules  with  Donor-Acceptor  Units  Intermediated  by  Silicon  Chains. 

D.  Hissink.  J.  Brouwer,  R.  Flipse,  G.  Hadziioannou . 136 

212  Novel  Third  Order  NLO  Materials  from  96%  Quinoline.  R.V.  Honevchuck.  .  .  .  138 

213  Cubic  Nonlinear  Optics  of  Polymer  Thin  Films.  5.  Wavelength  Dispersion  of 
the  of  Poly(p-phenylene  Benzobisthiazole)  Based  Molecular  Composites. 

S. A.  Jenekhe.  M.F.  Roberts,  H.  Vanherzeele,  J.S.  Meth . 140 

214  Measurements  of  the  Opto- Electric  Properties  of  Molecules  of  Potential  Use  in 
Photoactive  Polymers  by  Time  Resolved  Microwave  Conductivity  (TRMC). 

S. A.  .lonker.  J.M.  Warman . 142 

215  Macromolecular  Chromophoric  Assemblies  with  Enforced  Polarity:  Inorganic 
and  Heterocyclic  Linkages.  H.E.  Katz.  M.L,  Schilling,  C.E.D.  Chidsey, 

T. M.  Putvinski,  W.L.  Wilson,  G.R.  Scheller,  W.T.  Liivell . 144 
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216  Synthesis,  Poling,  and  Optical  Characterization  of  Polyurethane  Films  Bearing 
NLO-Active  Chromophores.  P.  Kitipichai,  R.  Laperuta,  Jr.,  G.M.  Korenowski, 

G.E.  Wnek.  I.  Gorodisher . 146 

217  Synthesis,  Experimental,  and  Theoretical  Studies  of  New  Group  6  Pentacarbonyl- 
Based  MLO  Chromophores  Exhibiting  Large  and  Unusual  Optical  Nonlinearities. 

P.  Larcroix.  T.J.  Marks,  D.A.  Kanis,  M.A.  Ratner,  W.  Lin,  G.K.  Wong. 


218  Optical  Four- Wave  Mixing  in  a  Silver  Colloid-Polymer  Composite. 

R.  LaPeruta.  P.  Kitipichai,  G.E.  Wnek,  G.M.  Korenowski . 148 


219  Novel  Photochromic  Liquid  Crystal  Polymers.  C.H.  Legge.  M.J.  Whitcombe, 

A.  Gilbert,  G.R.  Mitchell . 150 

220  Synthesis  of  Block  Copolymers  of  Poly(styrene)  and  Poly(arylate)  and  Their 

Optical  Properties.  H.  Qhishi.  S.  Inaba,  M.  Kawabe,  M.  Kimura . 152 


221  Cubic  Nonlinear  Optics  of  Polymer  Thin  Films.  4.  Structure-x^^^ 

Relationships  in  Polyanilines  and  Derivatives.  .T.A.  Osaheni.  S.A.  Jenekhe, 

H.  Vanherzeele,  J.S.  Meth . 154 


222  Opto-Electronic  Properties  and  Second  Harmonic  Generation  by  a-Bond 
Separated  Donor-Acceptor  Molecules.  W.  Schuddeboom.  B.  Krijnen, 

J.W.  Verhoeven,  E.G.J.  Staring,  G.L.J.A.  Rikken,  H.  Oevering,  S.A.  Jonker.  .  .  .  156 


223  Side  Chain  Copolymers  for  Third  Order  Nonlinear  Optical  Applications. 

.LR»  Sounik.  R.A.  Norwood,  J.  Popolo,  D.  Holcomb . 158 


224  Quantitative  Study  of  Molecular  Orientation  of  Hemicyanine  Langmuir-Blodgett 
Films  by  Fourier  Transform  Infrared  Spectroscopy  and  Second  Harmonic 
Generation.  W.-F.  A.  Su.  T.  Kurata,  H.  Nobutoki,  H.  Koezuka . 160 


225  Internal  Electric  Field  and  Dye  Orientation  in  PVDF/PMMA  Blend. 

N.  Tsutsumi.  Y.  Ueda,  T.  Kiyotsukuri . 163 


226  Cubic  Nonlinear  Optics  of  Polymer  Thin  Films.  3.  Structure-x^^^ 

Relationships  in  Conjugated  Aromatic  Polyazomethins.  C.-.T,  Yang. 

S.A.  Jenekhe,  H.  Vanherzeele,  J.S.  Meth . 165 
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ORIENTATION  OF  ORGANIC  MOLECULES  IN  SOL-GEL  MATRICES 
FOR  QUADRATIC  NONLINEAR  OPTICS. 

Germain  Puccetd,  Eric  Toussaere.  Isabelle  Ledoux  and  J.Zyss 
Centre  National  d’Etudes  des  Telecommunications 
196  Avenue  Henri  Ravera.  92220-Bagneux,  France 
Pascal  Griesmar  and  Ciemcm  Sanchez 
Laboraioine  de  Chimie  de  la  Madere  Condensee 
Universiie  Pierre  ei  Marie  Curie 
4  Place  Jussieu  75252-Paris.  France 

ABSTRACT:  Orientation  of  nonlinear  organic  molecules  in  ion'free  sol-gel  matrices 
upon  application  of  an  external  DC.  electrical  field  is  being  evidenced.  The  quadratic 
nonlinear  response  of  silicon  oxide  and  transition  metal  oxyde  based  gels  containing 
organic  molecules  have  been  determined  from  Electric  Field  Induced  Second  Harmonic 
(EFISH)  measurements.  Large  concentrations  of  optically  Nonlinear  Organic  Mole¬ 
cules  (NOM)  have  been  either  incorporated  inside  the  macromolecular  network  or 
;  chemically  bonded  to  the  oxide  backbone  of  the  gels.  The  feasibility  of  permanently 
;  corona  poled  films  has  subsequently  been  demonstrated.  Moreover  EFISH  measure- 
•  ments  offer  an  original  point  of  view  on  conformational  changes  occuring  in  the  process 
of  sol- gel  transformations. 

The  relevance  of  conjugated  organic  molecules  towards  Che  enhancement  of  nonlirtear 
;  opdcal  suscepiibilides  is  now  well  documented  and  rests  on  the  higher  polaiizabtlides 
:  of  eventually  asymmetrized  %  electron  systems  which  can  be  turted  to  application 
.  requirements/'^  The  unlimited  possibilities  of  organic  synthesis  may  then  be  fruitfully 
I  exploited  following  the  indications  of  molecular  engineering  design  rules.  However. 

.  the  next  step  aiming  at  the  organization  of  molecular  endiies  in  macroscopic  assemblies 
‘  is  mastered  only  to  a  lesser  extern. 

Althou^  single  crystals  are  of  great  interest  as  they  allow  to  connea  macroscopic 
observations  to  molecular  phenomena,  based  on  well  defined  crystallographic  d^ 
tfieir  structure  is  in  general  unpredictable  and  they  may  be  difficult  to  grow.  Besides, 
thin  films  and  waveguides  are  required  for  integrated  optics  and  may  not  be  readily 
obtairted  in  single  crystalline  format,  although  some  promising  early  demonstrations 
have  recently  come  oul  These  difficulties  have  spur^  the  introduction  of  organic 
polymers,  mainly  in  the  context  of  quadratic  nonlinear  optics,  as  a  host  passive  matrix 
where  active  nonlinear  molecules  (subsequently  refered  to  as  NOM)  are  being  either 
introduced  as  dispersed  guest-entities  at  a  limit^  concentration  level,  or  anchored  to 
the  polymeric  chain  at  hi^r  concentrations.  Subsequent  electric  held  orientation  above 
dther  via  electrodes  or  corona  poling  is  then  possible  to  provide  the  required  dipolar 
orientation  for  y®’  processes.®' 

It  seems  worthwhile  to  explore  a  similar  strategy  with  a  mineral  nutrix  as  the 
passive  backbone*  however,  usual  glasses  are  processed  at  temperatures  precluding  the 
inoorpocation  of  organic  molecules  which  will  not  be  able,  in  general,  to  sustain  heating 
above  lOO'C.  It  is  mus  impossible  to  reach  the  glassy  viscous  phase  required  for  poling 
without  irreversibiy  damaging  the  material  Alrematively.  sol-gel  glasses  offer  attrac¬ 
tive  possibilities  permitting  to  comply  with  the  thermal  requirements.  Sol-gel  chemi^ 
is;  mainly  based  on  inorganic  polymerisation  reactions  at  room  temperature.  Starting 
from  moleculv  precursors,  a  macromolecular  oxide  necwoii  is  formed  via 
hydroxyUtion-condensation  reactions.®*  An  additionnal  important  condition  for  the 
applicaciortf  in  view  here,  is  to  avoid  the  presence  of  charged  entities,  such  as  catalytic 
residues,  that  would  prevent  the  application  of  a  poling  field  as  demanded  by  EFISH 
or  subsequent  permanent  orientation  of  a  thin  film. 

1711$  condition  can  be  met  when  perfectly  transparent  soi-gei  matrices  are 
synthesized  without  the  participation  of  acid  catalysts.^^*  We  have  thus  been  able,  to 
demottstraie.  for  the  first  time  to  the  best  of  our  knowledge,  electric  field  induced  second 
harmonic  (EFISH)  generation  in  sol-gel  gla.sse$  where  non  linear  molecules  are  either 
incorporate  as  guests  or  arKhored  to  the  polymeric  backbone.  Moreover,  the  rheolo¬ 
gical  properties  of  sols  allow  for  the  easy  depmition  of  films  on  a  variety  of  substrates 
such  as  glass,  ^ramies,  semiconductors  or  polymers. 

The  fabrication  of  the  polymeric  gels  requires  a  decrease  of  the  functionality  of 
the  molecular  precursor  toward  hydrolysis  so  as  to  allow  for  the  decoupling  of 
hydrolysis  and  condensation  rates.  Furthermore,  condensation  must  be  slowed  down 
with  respect  to  hydrolysis.  Add  catalysis  is  a  classical  means,  however  inadequate  in 
the  present  context,  to  activate  the  reactivity  of  St(OR)4  silicon  alkoxide  precursors 
towards  hydrolysis.  Activation  of  silicon  alkoxide  precursors  towards  hydrolysis  can 
also  be  performed  by  increasing  the  electrophilic  character  of  the  Silicon  atom.  This 
has  been  performed  by  adding  dimethyl  aminopyridine  (DMAP)  that  catalyses  the 
nucleophilic  reaction  via  a  mechanism  named  SNASj.'^*SiH(OR)3  precursors  which 
exhibit  a  higher  reactivity  towards  hydrolysis  probably  due  to  the  presence  of  SiH  bonds 
have  also  b^n  used  for  the  synUiesis  of  transparent  polymeric  gels  within  relatively 
short  gelation  times. 

The  synthesis  of  transparont  polymeric  Transition  Metal  Oxide  (TMO)  gels  can 
be  p^ormed  by  using  complexing  ligands.'^’Such  a  synthesis  does  not  generate  charged 
species.  Alkoxy  groups  are  replaced  by  new  ligands  that  can  be  less  easily  removed 
upm  hydrolysis.  Thus  alkoxy  ligands  are  ratherquickly  removed  at  first  upon  hydrolysis 
while  Elating  ones  ( the  modifien)  act  as  termination  agents,  that  inhibit  condensation 
reactions  thus  slowing  down  the  polymerisation  process.  Complexation  decreases  the 
hmctionality  of  the  precursor  promoting  anisotropic  growth  that  favors  the  formation 
of  transparent  polymeric  gels. 

Following  the  synthetic  routes  undermentioned,  gels  having  good  transparency, 
reasonable  mechanical  integrity  and  relatively  short  gelation  times  were  obtain^ 
without  the  presence  of  charged  species  which  would  prevent  ERSH  measurements. 
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pig.  I  Nonlinear  chromophores  which  have  been  inserted  in  the  silica  sol-gel 
matrices 

The  organic  nonlinear  chromophores  investigated  in  this  work  are  displayed  in 
Fig.  1  .Their  quadratic  hypcrpolarizabiliocs  have  been  dctenninaied  by  the  usual  ERSH 
measurentents  performed  in  solution. 

Organic  groups  can  be  bonded  to  an  inorganic  silica  based  rtetwork  in  two 
different  ways,  resp^vely  as  network  modifiers  or  as  network  formers.  Both  functions 
have  been  recently  achieved  in  the  so-called  ORMOSlLS.®*The  piecufsors  of  these 
compouitds  are  organo- substituted  silicic  acid  esters  of  general  formula  R'.SUOR)^., 
when  R'  can  be  any  organo-functional  group.  R*  is  a  non  hydrolysable  organic  group 
which  can  have  a  network  modifying  effea  (R'sCH)  or  or/and  any  desirable 
optical  property. 

However  the  chemical  tailoring  performed  with  silicon  alkoxide  precursors 
cannot  be  dvrtcUy  extendted  to  transition  metals  or  aluroimum  alkoxide  precursors 
because  the  more  ionic  M-C  bond  would  be  cleaved  upon  hydrolysis.  (Chemical 
modifications  could  however  be  perfonned  using  complexing  ligands  preferably  with 
^-diketones  and  allied  derivatives  or  polyhydroxylated  ligands  such  as  aor  ^hydro- 
xyaetds.  These  deri  vatives  appear  to  be  stable  because  of  chelating  and  steric  hindrance 
effects.  Therefore,  they  are  not  removed  during  hydrolysis  leading  to  new  mixed 
organic-inorganic  materials.  Hybrid  inorganic-organic  transparent  networks  have  been 
obtain^  using  amino  salicylic  acid  as  complexing  reagent  fr.r  a  transition  metal 
alkoxide. 

EFISH  measurements  have  been  undertaken  following  a  well  documented 
experimeniaJ  procedure.^'The  applied  field  value  is  of  the  order  of  S-IOkVAnm  over 
a  plateau  of  2  ps  duration.  The  fundamental  wavelength  is  generated  by  a  Nd’*:-YAG 
laser  emitting  at  1 .34  pm.  The  absorption  of  both  fundamental  and  harmonic  waves  is 
then  negligiNe.  The  SHG  macroscopic  third  order  susceptibility  P  originates  from  the 
contribution  of  microscopic  susceptibilities  y  attached  to  the  organic  chromophores  ( n 
molecules  either  doped  or  anchored  per  unit  volume)  to  which  the  "bat^ground" 
susceptibility  of  the  sol-gel  medium  must  be  further  added  following  Eq.l: 

r=  Fj^  +  uy  Eq.  1 

Calling  p.  fk  andy,.  the  dipole  and  the  first  and  sectmd  order  hypeipolarisabilities 
of  the  NOM’s.  x  and  M  their  mass  concentration  and  molecular  weights,  f  the  local 
field  faci<^.  p  the  density  of  the  sol-gel  medium,  the  following  relation  can  be  used  to 
derive  p 

Tf=x-^  =  l(i-x)r-r^j;^  E,.2 

1,  may  then  be  neglected  for  the  conjugated  molecular  size  of  interest  here. 

The  viscosity  experienced  by  optical  probes  follows  a  Stokes-Einstein  law.  As 
soon  as  the  reorientationaJ  coirelation  time  of  organic  molecules  surpasses  the  duration 
of  the  poling  field  plateau  (i.e.1  ps).  the  ERSH  signal  will  vanish.  Assuming  a 
reoriemational  time  of  the  order  of  lO'^'s  for  a  mean  molecular  size  of  S  A.  the  ERSH 
signal  at  times  t«t^  for  molecules  embedded  in  sols  is  comparable  to  that  from 
molecules  in  regular  solutions. 

P  values  of  the  various  nonlinear  organic  molecules  shown  in  fig.  1  (MNA.  NPP. 
DMACB  )  have  been  mea.sured  in  sol-gels  and  compared  to  those  reported  in  the 
literature/'^'^’The  similarities  between  p  values  measured  for  N.O.M.  dissolved  in 
organic  solvents  and  for  N.O.M.  embedded  inside  sol-gel  systems  also  evidence  the 
gc^  stability  of  the  non-linear  molecules  when  embedded  inside  inorganic  polymers. 
Detailed  values  arc  to  be  found  m  ref.  5  When  large  concentrations  of  N.O.M  (typically 
0.5M)  are  incorporated  inside  wet  sol-get  systems,  drying  lead  to  a  partial  crystallisation 
of  the  N.O.M.  preventing  measurements. 


The  functionalized  silicon  aJkoxide  (SiN>(OEi)j)prccursorexhibils  aqmic  strong 
EnSH  signal  (P  =  13  1(3  ^esuA  =  1 .34^m)  close  to  that  reported  for  MNA  in  dioxane 
(p  =  12.8.  KT'^'esuA  =  1.34pin).  Large  concentrations  (0.2-0. 5M)of  chemically  bonded 
N.O.M.  ((SiN^(OEt>j)  or  ASA)  can  be  incorporated  inside  silica  based  sol-gel  systems 
without  any  crystallisation  even  upon  drying. 

At  longer  timescales  the  different  sol  colloidal  solutions  lead  to  the  formation  of 
gets  through  a  transformation  process  which  can  be  also  followed  phenomenologically 
by  changes  in  (he  viscosity,  llie  evolution  of  a  Zirconium  oxide  based  system  doped 
with  MNA  is  described  in  Fig.2. 
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Fig^<i.£vo/a(iono/  the  SHO  macroscopic  sascepubility  V  versus  iA,/or  an  MNA 
doped  zirconium  oxyde  based  gel 

b.  Expanded  view  for  times  up  to 

There  is  only  a  slight  change  of  P  (10%)  at  the  gelation  point  although  the  initial 
solution  has  oimed  to  a  solid  amorphous  materiad  which  does  not  exhibit  macroscopic 
flow.  Thus,  in  the  case  of  solidification  caused  by  gelation,  the  EFISH  results  show  that 
the  macroscopic  rigidification  of  (he  sol  does  not  extend  down  to  the  microscopic  scale. 
The  solvent  phases  at  the  gel  point  consists  of  propanol  and  water  which  account  for 
the  largest  volume  fraction  of  the  gel  (70%).  The  solid  phase  that  causes  the  rigidity  at 
the  macroscopic  level  only  represents  a  sm^l  percentage  of  the  total  volume  of  the  gel. 
At  this  stage,  the  mobility  of  the  MNA  molecules  is  not  significandy  constrained  by 
the  open  structure  of  the  gel.  Subsequently,  the  reorieniational  time  of  MNA  is  about 
the  same  in  the  gel  and  in  the  sol  showing  that  MNA  probes  are  weakly  affected  by 
gelation. 

The  next  step  of  the  process  starting  after  i=i,  corresponds  to  ageing.  The  decrease 
of  the  SHG  macroscopic  susceptibility  P  of  MN  A  is  observed  until  a  minimum  is  reached 
5tj.  The  decrease  of  the  SHG  macroscopic  susceptibility  P  can  be  assigned  to  the 
increasing  restriction  of  dye  motion  as  the  connectivity  of  the  oxide  gel  network  extends. 
Molecular  transport  of  reactants  and  products  is  however  still  possible  through  the 
interstitial  liquid  pha.se.  Ctmtinued  hydrolysis  and  condensation  reactions  will,  there¬ 
fore,  go  on.  The  molecular  probe  is  not  simply  surrounded  by  the  interstitial  solvent 
and  small  oligomers  as  was  the  case  during  the  gelation  stage,  but  must  now  interact 
with  numerous  percolating  medium  size  Zirconium  oxyde  based  polymers. 


In  the  course  of  ageing  (between  i/t,-7  and  t/i,  =  1  O^in  a  close  vessel,  the  zirconium 
oxyde  based  gels  exhibit  a  slight  increase  of  the  SHG  macroscopic  susceptibility  T. 
This  increase  can  be  accounted  for  either  by  a  local  depolymensaiion  occunng  upon 
electrical  and  laser  solicitations  or  by  condensation  of  smaller  polymers  along  larger 
ones  at  the  surface  of  the  porous  medium.  This  laoe-  phenomenon  must  restrict  the 
amount  of  polymeric  species  hindering  rotation  in  the  liquid  phase  of  the  gel  and  thus 
decrease  the  viscosity  experienced  by  the  MNA  probe.conscqueniiy  leading  to  an 
increase  of  P. 


In  the  last  sequence  of  the  process,  the  macroscopic  susceptibility  P  reaches  a 
plateau  which  remains  quite  high  (  80%  of  the  initial  ERSH  signal  is  still  observed) 
This  observation  indicates  that  the  fluidity  around  many  dye  molecules  is  important 
even  a  long  time  after  the  sol-gel  transition  ha.s  been  passed  (o  30-40t^).  EFISH 
measurements  can  lead  therefore  to  an  estimation  of  the  wet  porosity  of  gels. 

EFISH  of  optical  probes  anchored  at  higher  concentrations  on  siloxane  based 
gels  and  transition  metal  oxide  based  gels  has  also  been  monitored  versus  the  reduced 
gelation  time  lA,.  The  behaviour  is  then  significantly  different  from  that  previously 
reported  tn  the  case  of  doped  chromophores. 

The  macroscopic  susceptibility  P  decreases  as  soon  as  the  polymerisation  reaction 
starts  in  contrast  with  the  case  of  doped  molecules  where  the  decrease  is  smoother. 
When  the  N.O.M.  is  chemically  bonded  to  the  metallic  center  (Zr)  the  onset  of  the 
gelation  isclearly  detected  by  an  immediate  decrease  of  PuntiliA^sl  .  This  first  transition 
observed  by  EFISH  must  reflect  the  percolation  of  a  few  larger  polymers,  those  that 
lead  to  the  macroscopic  phenomenon  of  gelation.  Then  the  evolution  of  P  is  roughly 
comparable  to  that  previously  reported.  During  the  ageing  period  a  decrease  of  P  which 
reflects  the  crosslinking  of  the  inorganic  zirconium  oxyde  based  network  is  observed 
during  a  period  of  time  extending  from  \  to  10 1,  (many  ASA  should  be  trapped  in 
medium  size  polymeric  clusters).  Afiera  long  ageing  period  (iA,>I00  ).aslight  decrease 
of  P  is  observed  showing  that  the  aosslinking  step  has  reached  the  microscopic  level 

These  results  compared  with  those  observed  for  MNA  embedded  in  zirconium 
oxide  based  gels  show  that  a  molecule  anchored  on  the  metallic  center  (i.c.  Zr )  is  a 
more  intimate  and  sensitive  probe  of  textural  and  structural  changes  occunng  upon 
sol-gel  transformations. 


Furthermore,  sol-gel  glasses  containing  NPP molecules  ( 0.310*  molecules/tm*) 
or  anchoring  (SiN^OEi)))  molecules  (4.3310*  molecules/cm*)  were  spin  coaled  on 
glass  plates  and  oriented  by  corona  polmg.  The  matnees  arc  mixed  Zirconium  oxyde  * 
organo-substimted  sililic  acid  ester  based  materials.  Maker  fringe  measurements  were 
perfonned  to  measure  the  susceptibility, In  the  case  of  (SiN^(OEi)j).  a  coefficient 
of  0.02pmA'  was  obtained  1  month  after  poling.  Optimisation  ofthe  content  and  poling 
conditions  are  cuirenily  under  way. 

In  conclusion,  we  believe  that  investigations  of  sol-gel  processes  by  nonlinear  optical 
experiments  will  help  further  evidence,  m  conjunction  with  other  methods,  microscopic 
phenomena  underlying  rheological  properties  of  importance  for  applications.  Among 
these  applications,  nonlinear  optics  itself  stand-out  as  a  most  promissing  area  towards 
optoelectronics  devices  based  on  funciionnalized  poled  sol-gel  thin  films. 
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The  electronic  origin  and  mechanism  of  the  comparatively  large 
nonresonant  second  order  and  third  order 

X)yj/(-<d4:<Ol.('>2.®3)  nonlinear  optical  susceptibilities  of  conjugated 
organic  and  polymeric  structures  have  been  the  center  of  intense 
scientiflc  investigations  for  many  years.*  Fundamental  understanding 
of  the  second  order  optical  properties  such  as  the  linear  electrooptic 
effect  and  second  harmonic  generation  in  terms  of  a  microscopic  many- 
electron  description  is  fairly  well  established  both  theoretically  and 
experimentally.  In  light  of  this  fact,  numerous  new  noncentro- 
symmetric  molecular  and  polymeric  structures  with  enhanced 
xS(-<03;a)i,0)2)  have  been  successfully  designed  and  synthesized. 
Through  efficient  device  designs  and  architectures,  electrooptic 
polymers  are  now  being  implemented  into  novel  electrooptic  and 
nonlinear  optical  devices.  In  contrast  to  the  considerable  progress 
realized  with  second  order  optical  processes,  the  first  successful 
microscopic  many-electron  description  has  been  achieved  only  recently 
for  nonresonant  third  order  optical  processes  such  as  third  harmonic 
generation,  degenerate  four  wave  mixing,  and  the  opdcal  Kerr  effect  in 
conjugated  structures,  and  it  is  this  recent  advance^*^  which  is  the  main 
subject  of  this  paper. 

Up  to  the  mid-1980's,  progress  in  understanding  third  order 
optical  processes  in  conjugated  structures  had  been  largely  slowed  due 
to  inconqiletB  descriptions  based  on  noninteracting,  independent  particle 
models  such  as  Huckel  theory  which,  strikingly,  in  several  imponaiM 
cases  even  fail  to  correctly  predict  the  sign  of  let 

alone  the  actual  magnitude  and  dispersion.  By  natural  development  of 
the  many-electron  formalism  and  methodology  established  in  the  case  of 
second  order  optical  processes,  a  new  successful  microscopic 
description  of  third  order  optical  excitadons  in  interacting  many-electron 
systems  has  been  achieved  that  is  generalizable  to  different  conjugated 
organic  and  polymeric  stnictures.2.3  The  key  central  fmding  from  this 
work  is  that  repulsive  Coulomb  interacdons  natural  to  confined  7i- 
electron  systems  cause  the  electrons  to  be  highly  correlated  in  their 
motion,  and  it  is  these  electron  correlation  effects  among  the  many 
electrons  that  determine  the  sign,  magnitude,  and  dispersion  of 
xj^-d>4;(ni,(i)2,<a3)  for  third  order  optical  processes  in  conjugated  n- 
electron  structures. 

In  this  paper,  we  review  the  basic  concepts  and  ridctoscopic 
description  for  third  order  optical  processes  in  conjugated  structures 
based  on  comprehensive  theoretical  and  experimental  studies  of  the 
nonresonant  molecular  third  order  susceptibility  in 

conjugated  chains.^-^  We  show  how  the  origin  of  Yiy*/(-<«M:<‘Ji.®2.®3) 
can  be  directly  understood  in  terms  of  highly  correlated  virtual  excitation 
processes  and,  in  particular,  the  fundamentally  important  role  of 
previously  unknown,  strongly  correlated  two-photon  states  energetically 
high-lying  in  the  excited  state  manifold. 

Electron  correlation  theory  for  fiju  (-<B4;o)i,a)2,(03)  of  trans  and 
cis  polyenes  reveals  that  for  short  polyene  chains,  yz/ju  (-(at;(0|,Ci>2,C03) 
is  dominated  by  two  competing  third  order  virtual  excitation  processes 
that  involve  just  three  states.  (Figure  1)  For  the  N  =  6  site  chain 
hexatriene,  for  example,  the  largest  virtual  excitation  process,  which 


makes  a  positive  contribution  to  Yiyi/  (-u)4;W| .^2,0)3),  involve.s  a 
previously  unexpected,  high-lying  5*  Ag  state  that  is  strongly  coupled  to 
the  large  oscillator  strength  1  ’By  state  and  cannot  be  properly  described 
by  uncorrelated,  independent  particle  models.  This  virtual  process, 
together  with  a  smaller,  negative  vinual  process  that  involves  only  the 
l*Bu  state  and  the  l*Ag  ground  state,  determines  the  sign,  magnitude, 
and  dispersion  in  this  archetypal  class  of  conjugated  structures. 

The  same  basic  mechanism  for  Y;;ju(-oJ4;<«)i,o>2,a)3)  holds  for  all 
chain  lengths  calculated  from  A  =  4  to  16.  For  chains  of  increased 
length,  there  are  a  larger  number  of  virtual  excitation  processes  that 
make  a  significant  contribution  to  hut,  in  all  cases, 

there  is  always  at  least  one  important  highly  correlated,  two-photon  *Ag 
state.  The  dominant  tensor  component  of  the  susceptibility, 
Yxxxx('<<>4;“l.hi2.t<>3)  with  all  electric  fields  polarized  along  the 
molecular  axis  of  the  conjugation,  can  be  diagramatically  represented  in 
terms  of  transition  density  matrix  diagrams  that  graphically  illustrate  the 
large  charge  separation  that  occurs  upon  virtual  excitation  between  the 
1  iBu  state  and  the  strongly  correlated,  high-lying  two-photon  *Ag  state. 
(Figure  2) 

It  is  found  that  Y>xa<-oi4;toi,ti>2,u)3)  increases  dramatically  with 
chain  length  as  evidenced,  for  example,  by  the  calculated  power  law 
dependence  of  the  dc-induced  second  harmonic  susceptibility 
Yxxtx(-2<i);co,o),0)  on  the  number  N  of  carbon  atom  sites  in  the  chain 
with  an  exponent  of  3.9  for  the  trans  polyenes  in  the  range  A/  =  4  to  16. 
The  supralinear  chain  length  dependence  of  Yxtxi(-W4;<oi,tt>2,(D3) 
originates  in  the  increased  transition  moments  between  the  principal 
virtual  states,  the  decreased  excitation  energies  of  those  states,  and  the 
increased  number  of  significant  virtual  excitation  processes. 

Comparison  of  calculations  for  the  cis  structural  conformation  of 
polyenes  with  results  for  the  trans  conformation  demonstrates  that  the 
fundamental  origin  of  Yi/*K'f*4'.6il.<i>2.f‘i3)  remains  basically  the  same, 
irrespective  of  the  structural  conformation.  The  only  significant 
difference  in  the  results  for  the  nvo  conformations  is  that,  in  all  cases, 
the  value  of  Yxtx»(-<44;(i)i, (02,0)3)  for  a  cis  chain  is  smaller  than  that  of 
the  corresponding  trans  chain  of  the  same  number  of  sites.  The  results 
arc  unified  by  a  power  law  dependence  of  YxixjI'O)4;o)i,o)2,(03)  on  the 
physical  end-to-end  length  of  the  chain  L  with  an  exponent  of  3.S. 
(Figure  3)  The  cis  conformation  results  in  a  smaller  L  for  a  given  N 
than  the  trans  conformation.  Conformation  affects  Yuii{-(04;(0i, (02,(03) 
only  inasmuch  as  it  affects  the  physical  length  of  the  chain. 
Furthermore,  extrapolation  of  the  power  law  dependence  of 
Yxxxx(-(04;(0i, (02,(03)  on  L  indicates  that  the  values  of 
gj(3)(-<04;c0],a)2,(03)  measured  in  conjugated  polymers  correspond  to 
effective  lengths  of  only  50  -  100  A.  We  infer  that  Yx«)t(-(04:(0 1,(02 ,(03) 
must  therefore  deviate  from  the  power  law  dependence  and  begin  to 
saturate  at  a  length  shorter  than  lOOA. 

Experimental  measurements  of  the  dispersion  of  the  isotropically 
averaged  dc-induced  second  harmonic  susceptibility  <Y(-2to;a),to,0)> 
and  the  third  harmonic  susceptibility  <Y(-3co;(o,(o,ti))>  in  two  key 
polyene  structures  have  demonstrated  that  the  electron  correlation 
theoretical  description  of  the  nonlinear  optical  properties  of  conjugated 
linear  chains  is  quantitatively  correct.^  The  measured  values  of 
<Y(-2{o;<i),(i),0)>  and  <y(-3(j);(0,Q),(o)>  at  the  fundamental  wavelengths  X. 
=  1907,  1543,  and  1064  nm  for  hexatriene  (HT),  the  N  =  6  site  chain, 
are  in  excellent  quantitative  agreement  with  the  calculated  magnitude, 
sign,  and  dispersion.  (Figure  4)  For  example,  while  the  dispersion  of 
<Y(-2<o;to,(o,0)>  is  found  to  be  weak  in  this  wavelength  region, 
experiment  and  theory  are  in  agreement  in  the  fact  that  <y(-3(i3;(0,(0,(0)> 
at  X  =  1064  nm  is  1.8  times  larger  than  the  value  at  X  =  1907  nm.  For 
P-carotene,  a  substituted,  N  =  22  site  chain,  the  nonresonant 
experimental  values  of  <Y(-2Q);a),(i),0)>  and  <Y(-3(o;a),o),(o)>  are  in 
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agreement  with  extrapolation  of  the  calculated  power  law  dependence  of 
■C]f(-(a4;toi,a>2,a)3)>  on  chain  length  L.  Thus,  together  with  the  results 
for  HT,  these  measurements  quantitatively  validate  the  power  law 
dependence  on  chain  length  L.  Furthermore,  based  on  our  theoretical 
understanding  of  Yij*i(-c*)4;coi.a)2,ci)3),  a  three-level  model  was 
developed  that  adequately  describes  the  experimentally  measured 
dispersion  of  <Y(-2<t);o),a),0)>  and  ■CY(-3a);(o,(0,(o)>  for  ^-carotene. 
The  basic  origin  and  mechanism  for  Yy*/(-(a4:<ni  ,(02,013)  of  linear  chains 
reviewed  in  this  paper  is  generalizable  to  other  conjugated  structures,  for 
example,  cyclic  rings,  rigid-rod  polymers,  and  polythiophenes.  Finally, 
these  results  have  led  to  the  discovery  that  excited  state  nonlinear  optical 
susceptibilities  originating  from  the  real  population  of  electronic  excited 
states  can  be  enhanced  by  orders  of  magnitude  compared  to  the  usual 
ground  state  properties.^ 
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Figure  1.  The  two  dominant  third  order  virtual  excitation  processes  for 
Yxxxx(-W4;<<)|,t‘>2.W3)  of  trans-KT,  N  =  6.  The  positive  type  II  process 
that  involves  the  strongly  correlated  S’Ag  state  as  the  middle 
intermediate  virtual  state  is  larger  than  the  negative  type  1  process  that 
has  the  1  *Ag  ground  state  as  the  middle  intermediate  state. 


Figure  2.  Transition  density  matrix  contour  diagram  of  trans- 
hexadecaoctaene  (HDO).  N  =  16,  for  the  10‘Ag  state  with  the  l>Bu 
state.  The  corresponding  Jt-component  of  the  transition  dipole  moment 
is  19.38  D, 
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Figure  3.  Log-log  plot  of  Yiru{-3a);a),(0,a))  at  80)  =  0.65  eV  versus 
the  number  N  of  carbon  sites  (upper  axis  and  dashed  lines)  and  length  L 
(lower  axis  and  solid  line).  The  values  for  trans  chains  are  represented 
by  squares;  and  the  values  for  cis  chains,  by  circles.  The  linear  fit  of  the 
solid  line  corresponds  to  Yuxt(-3a);(D,(i),a))  ^  L^-^. 


Figure  4.  The  experimentally  determined  values  of  cy(-2co;co.{o,0)>  for 
HT  at  X.  =  1907,  1543,  and  1064  nm  and  the  theoretical  dispersion 
curve. 
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There  are  two  principal  reasons  for  the  interest  in  conjugated 
polymers  as  nonlinear  optical  materials: 

1)  Delocalized  jt-electrons  of  conjugated  polymers  provide  a 
mechanism  for  a  large  third  order  nonlinear  susceptibility, 
XP).  which  leads  directly  to  active  device  configurations  by 
means  of  an  intensity  dependent  index  of  refraction; 

n  =  no  +  n2l 

where  I  is  the  intensity  of  the  Ignt  and  n2  =  4it2x(3)/c£i . 

2)  Sub-pi<x)second  response  time. 

The  sul^picxjsecond  response  has  been  demonstrated  in  a 
number  of  real  systems  and  even  in  waveguide  configurations. 
However,  although  polymers  from  this  class  have  been  shown  to 
have  relatively  large  x^^^  the  established  values  (-10'^^  esu)  are 
not  large  enough  —  required  values  for  use  in  digital  opticts  are 
X<^>>10'8  esu.  In  addition,  the  actual  figure  of  merit  (F)  is  the  ratio 
of  xP>  to  the  absorption  coefficient,  a,  F  =  xf^Va. 

Typically  a  has  been  too  large  for  constructing  useful  devices, 
and  x(^)  has  been  too  small  to  allow  the  fabrication  of  small  scale 
devices  at  moderately  high  densities  (in  waveguide 
configurations.etc). 

A  survey  of  the  available  materials  shows  that  an  increase  in 
the  magnitude  of  x^^^  (or  n2)  by  one-to-two  orders  of  magnitude  is 
needed  before  conjugated  polymers  can  satisfy  the  minimum 
material  requirements. 

Calculations^  have  predicted  a  dramatic  increase  in  the 
nonlinear  optical  response  with  chain  length;  the  results  indicate 
that  X*®*  is  proportional  to  N''  where  N  is  the  polymerization  index, 
and  V  is  in  the  range  4-5  (the  precise  value  is  sensitive  to  the 
detailed  approximations  in  the  method  used).  Since  x(^)  is  an 
intrinsic  quantity,  it  must  saturate  to  a  finite  value  in  the 
thermodynamic  (long  chain)  limit.  The  calculations  imply, 
however,  that  this  saturation  does  not  occur  until  N  reaches  values 
of  order  102. 

Thus,  remarkable  enhancements  of  x(3)  are  predicted  for 
conjugated  macromolecules  compared  with  those  of  the 
corresponding  short  oligomers;  i.e  enhancements  of  order  10'’ 
where  v  is  in  the  range  4-5. 

The  achievement  of  ordered,  chain-aligned  films  should  lead  to 
increases  in  the  magnitude  of  x(3)  over  that  of  random  material  in 
two  independent  ways.  First,  since  x(3)  is  a  tensor,  there  is  a 
simple  geometric  projection  factor  (the  average  of  |<cos30>|2, 
where  6  is  the  angle  between  the  electric  field  of  the  incident 
radiation  and  the  chain  axis)  which  ranges  from  3  to  5  depending 
on  whether  the  chains  are  random  in  a  plane  or  in  three 
dimensions. 2  Second,  and  more  important,  one  can  expect  a 
major  enhancement  in  x(3)  from  delocalization  of  the  electronic 
wavefu  notions. 

The  latter  effect,  with  an  implied  enhancement  of  order  10'' 
compared  with  oligomers  with  N»10  is  not  evident  in  the  data 
reported  in  the  literature  for  conjugated  macromolecules.  This  is 
perhaps  not  surprizing  in  view  of  the  well-known  tendency  for 
localization  of  the  electronic  wavefunctions  In  quasi-one- 
dimensional  systems.  Thus,  the  actual  localization  length,  |(E), 
may  in  fact  be  much  less  than  the  chain  length,  particularly  at 
energies,  E,  close  to  the  band  edge  where  the  localization  lengths 
limited  by  disorder  are  particularly  small.  This  same  disorder- 
induced  localization  is  responsible  for  the  modest  electrical 
conductivities  in  all  but  the  most  highly  ordered  samples  of  doped 


conducting  polymers. 

There  is  evidence  in  the  literature  that  the  measured  values  for 
x(3)  can  be  significantly  increased  through  improvement  in  the 
structural  order;  the  reported  values  for  xP)  (from  third  harmonic 
generation)  are  greater  by  more  than  an  order  of  magnitude  in 
highly  aligned  samples  of  polyacetylene  (mosaic  spread  of  =3°) 
prepared  by  the  Durham  precursor  polymer  route3  then  in 
samples  with  more  moderate  structural  order  (mosaic  spread  of 
=20°)  prepared  by  other  methods. 

It  is  clear,  therefore,  that  there  is  an  important  technological 
need  for  optical  quality  thin  films  of  aligned  and  highly  ordered 
conjugated  polymers. 

The  simplest  method  of  achieving  chain  extension  and  chain 
orientation  of  a  polymer  is  by  tensile  drawing.  Unfortunately,  the 
relatively  high  density  of  entanglements  present  in  most  polymers 
limits  the  available  draw  ratios  (X)  to  modest  values.  A  principal 
advantage  of  gel  processing  is  that  because  of  the  dilution  of  the 
polymer  in  the  gel  (e.g.,  UHMW-PE  forms  gels  at  volume  fractions 
even  below  1%),  the  density  of  entanglements  is  far  lower  than  in 
polymers  prepared  from  the  melt,  etc.''*  Moreover,  the  low 
entanglement  density  remains  even  after  removing  the  solvent. 
Thus  such  gels  (or  gel-processed  films  and  fibers)  can  be  tensile 
drawn  to  remarkable  draw  ratios  (X>200)  during  which  the 
macromolecules  are  chain  extended  and  aligned. 

Can  this  high  degree  of  structural  order  achieved  through  gel¬ 
processing  be  transferred  to  a  conjugated  polymer  in  a  UHMW-PE 
blend?  On  first  thought,  this  would  seem  unlikely,  for  the  two 
component  polymers  are  typically  immiscible  (since  the  entropy  of 
mixing  is  essentially  zero  for  macromolecules).  However,  there  is 
evidence  of  a  strong  interfacial  interaction  when  conjugated 
polymers  are  added  to  an  UHMW-PE  gel;  the  frequency 
dependent  conductivity  results®  suggest  that  the  conjugated 
polymer  adsorbs  onto  the  PE  and  decorates  the  complex  surface 
of  the  gel  network,  thereby  forming  connected  (conducting) 
pathways  at  volume  fractions  nearly  three  orders  of  mag^nitude 
below  the  threshold  for  th  ee-dimensional  percolation.®  The 
implied  strong  interfacial  interaction  suggests  that  gel-processing 
of  conjugated  polymers  in  PE  may  lead  to  orientation  of  the 
conjugated  polymer  comp)onent. 

PE/MEH-PPV  blends  have  been  prepared  and  processed  into 
highly  aligned  free  standing  films.®  Once  processed,  the  films  are 
found  to  be  extremely  durable;  repeated  thermal  cycling  and 
constant  exposure  to  air  caused  no  ill  effects.  This  is  presumably 
due  to  a  combination  of  the  stability  of  MEH-PPV  and  to  the  self¬ 
encapsulation  advantage  of  utilizing  polymer  blends. 

The  absorption  spectra®  for  an  oriented  free  standing  film 
(draw  ratio.  X  =  50)  of  PE/MEH-PPV  are  shown  in  Figure  1  for 
polarization  both  parallel  to  (||)  and  perpendicular  to  (i)  the  draw 
axis  and  for  a  spin-cast  film  (both  at  80K).  The  spectra  were 
scaled  to  that  of  0,1(0))  which  has  maximum  value  of  2.2x103  cm-* 
at  2.2  eV  (1%  MEH-PPV  in  PE).  A  high  degree  of  macroscopic 
orientation  of  the  conjugated  polymer  has  been  achieved  by 
tensile  drawing  the  gel-processed  blend.  Moreover,  a,|(o))  shows  a 
distinct  red  shift,  a  sharper  absorption  onset,  and  a  reduced  total 
width  compared  to  a(o))  for  the  spin-cast  film.  These  features, 
together  with  the  appearance  of  resolved  vibronic  structure, 
indicate  a  significant  improvement  in  the  structural  order  of  the 
conjugated  polymer  in  the  oriented  blend. 

The  transverse  ’absorption"  in  Figure  1  is  dominated  by 
scattering  from  residual  microstructure  in  the  PE.  This  is 
demonstrated  by  comparing  Oj^(o))  with  the  artificial  "absorption", 
due  to  residual  scattering,  obtained  from  an  undecorated  UHMW- 
PE  film  of  comparable  thickness  and  draw  ratio;  the  initial  slope  is 
the  same  and  the  overall  spectral  shape  is  similar.  To  circumvent 
the  problem  of  residual  scattering,  the  dichroism  of  selected  IR- 
active  modes  associated  with  MEH-PPV  have  been  studied  as  a 
function  of  the  draw  ratio;  Ite  dichroic  ratio  continues  to  improve 


monotonicaiiy  with  X  to  a||/aj^>100.7 

The  P6  scattering  has  been  investigated®  by  passing  a  He-Ne 
laser  (632. 8nm)  through  the  various  samples  and  examining  the 
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Speckle  pattern.  For  oriented  samples,  analysis  of  the  pattern 
indicates  that  the  scattering  is  from  elongated  microstructure  with 
length  (along  the  draw  ratio)  more  than  100  times  the  wavelength 
and  diameter  less  than  one-tenth  of  the  wavelength.  Efforts  to 
modify  the  gel-processing  to  reduce  the  scattering  by  the  oriented 
film  are  underway. 

Figure  2  compares  a((o)  of  a  non-oriented  free-standing  film  of 
PE/MEH-PPV,  ajj(o))  of  the  oriented  film  of  PEA1EH-PPV,  and  a{a) 
of  the  spin  cast  film  (all  at  80K);® 


The  spectrum  obtained  from  the  non-oriented  bleno  is 
intermediate  between  that  of  the  spin-cast  film  and  the  oriented 
blend;  it  shows  the  red  shift,  the  sharper  absorption  onset,  the 
reduced  total  band-width  and  the  emergence  of  vibronic  structure. 
Thus,  even  in  the  non-oriented  blend,  the  MEH-PPV  spectra  are, 
in  every  way,  consistent  with  a  significant  enhancement  of 
microscopic  order.  Comparison  of  a||(o))  of  the  oriented  film  of 
PE/MEH-PPV  with  a((o)  of  the  non-oriented  film  of  PE/MEH-PPV 
shows  that  there  is  a  sharpening  of  all  spectral  features  and  a 
clear  redistribution  of  spectral  weight  into  the  zero-phonon  line. 
The  data  thus  indicate  a  further  enhancement  of  stnjctural  order  by 
tensile  drawing. 

The  inset  to  the  previous  figure  compares  a,|(co)  of  an  oriented 
free  standing  film  of  PE/MEH-PPV  at  80K  with  that  at  300K.®  As 
the  temperature  (T)  is  raised,  the  peak  shifts  (thermochromism), 
the  onset  of  absorption  broadens  and  there  is  both  an  overall  loss 
of  resolution  as  well  as  a  clear  redistribution  of  spectral  weight  out 
of  the  lowest  energy  vibronic  feature.  The  changes  in  ot|,(ci))  at 
300K  are  indicative  of  increased  disorder,  in  many  ways  similar  to 
the  changes  induced  by  the  stnjctural  disorder  of  the  spin-cast 
films. 

The  nonlinear  optical  properties  of  MEH-PPV  have  been 
investigated  through  third  harmonic  generation  (THG) 
spectroscopy  with  the  pump  frequency  varied  over  a  wide  range  of 
frequencies  within  the  gap.  We  have  characterized  the  THG 
response  in  thin  spin-cast  films  of  MEH-PPV,  in  noi. oriented  MEH- 
PPV/PE  blends  and  in  ordered  and  in  the  most  highly  oriented 
MEH-PPV/PE  blends  (see  Figures  1  and  2).  The  ordered  blends 
exhibit  large  values  for  x*^l/  in  the  infrared.  The  results  will  be 
presented  and  analyzed  in  the  context  of  the  effect  of  disorder  on 
the  THG  response. 
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Third-order  nonlinear  optical  phenomena  are  particularly 
important  in  polymers,  or  long  molecules,  having  a 
one-dimensional  H-electron  system,  the  linear  polarizability 
of  which  being  much  larger  than  that  of  polymers  with 
saturated  bonds. 

We  will  be  concerned  here  with  the  third-order  phenomena 
responsible  for  harmonic  generation,  wave  mixing,  in  the 
optical  range  and  which  are  due  to  electronic 
hyperpolarizability.  They  should  not  be  confused  with  those 
responsible  for  the  variations  of  the  index  of  refraction  and 
which  often  originates  from  other  phenomena  (generation  of 
charged  species,  thermal  gratings  produced  by  an  energy 
absorption,  etc...). 

We  will  describe  first  the  case  of  polydiacetylene  which 
has  the  advantage  of  having  well  defined  conformation  in  thin 
layer.Two-  and  three-photon  resonances,  vibronic 
contributions,  are  observed  then  easily  in  the  variation  of 
the  X  (3w;u,u,u)  coefficient  with  the  frequency.  One  can  give 
an  account  of  it  by  a  simple  three-energy-level  model  where 
the  nonlinear  coefficient  per  monomeric  unit  j-lu)  is  given  by 
the  relation-. 

r(u)=p^|.l  Pj^.flwl-pVglu)  1  (1) 

f  and  g  are  functions  of  the  frequency  and  are  given  by 
the  usual  perturbation  theories  (ll.  They  depends  on  the 
energy  of  the  one-  and  two-photon  excited  states  El  and  E2,  on 
the  dipolar  transition  moments  between  fundamental  (0)  and 

excited  states  (1,2)  u  and  u  . 

01  iz 

In  the  general  case  however  ,  the  polymers  have  a  large 
number  of  conformations  to  which  corresponds  broad  dispersion 
of  the  optical  spectrum  and  of  the  yCu)  values.  The 
measurement  of  the  generated  intensity  at  3«,  I(3u),  gives 
only  an  average  of  the  module  of  ylo)  not  very  significant. 

On  the  other  hand  the  simultaneous  measurement  of  the 
one-photon  absorption  spectrum  and  of  the  argument  of  ylui) 
allows  a  better  analysis  of  the  experimental  results.  Indeed, 
with  the  reasonable  assumption  that  the  homogeneous  linewidth 
is  much  smaller  than  the  inhomogeneous  one,  the  optical 
absorption  spectrum  permits  to  determine  the  function 
P(n).p^jn)  where  PID)  is  the  probability  density  of  having  an 

absorbent  monomer  at  energy  0  (3).  One  has 

hen  Ln(lO)  DOCQ)  I 

p(n).p^fn;= - - . —  (2) 

nK  tN  n  F 

I 

where  DO(n)  is  the  optical  density  at  0,  K1  a  numerical 
factor  talcing  account  of  three-dimensional  orientation 
distribution  of  molecular  axis  (Kl=l/3),  t  the  thickness  of 
the  thin  layer  or  of  the  solution,  N  the  number  of  molecules 
per  unit  volume,  n  the  real  part  of  the  refractive  index.  The 
local*'field  factor  F  is  taken  equal  to  unity  in 
one-dimensional  system  121. 

In  addition  it  »<;  important  to  point  out  that  the 
imaginary  part  of  y(a>),  Imytw),  is  due  only  to  the  molecules 
having  a  resonance  at  2w  or  3<*>.  With  the  above  assumptionthai 
means  that  a  very  small  number  of  molecules  contribute  to 
Imy(cj)  at  a  given  frequency  w.  Hence  it  Is  possible  to 
separate  explicitly  the  contributions  of  two-  and  three-photon 
resonances  as  shown  by  the  relation  (3)  below. 


Imir)  = 
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Here  is  the  homogeous  linewidth  of  the  two-photon 

Slate. 

Taking  into  account  equation  (1),  (2),  and  (3).  one  can 
express  yiw)  as  a  sum  of  contributions  of  the  various 
conformations  using  a  small  number  of  adjustable  parameters 
concerning  the  two-photon  excited  states  (Z2,  With  the 

additional  simplifying  assumption  that  E2-E1  and  are 

considered 

2 


independent  of  the  individual  conformation 
(EI2-E1=6)  one  obtains  the  relation  (4) 

2p: 


Im(yfn))  =  n  ■ 


Pf2D*5;-p‘ (2a*S) 
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(A-fi)(A-3n) 


(4) 


Pl3D)  p^  (3n).J_f  — ] 

2D  HD-a)  40-* 


FIG  1  shows  as  an  example  the  absorption  spectrum  of  two 
different  soluble  polythiophene  having  very  different 
conformations  in  thin  layer.  The  argument  of  ylu)  was 
determined  by  comparing  the  third  harmonic  generation  due  to 
the  substrate  and  that  of  the  covered  substrate  with  the 
polymer  layer  (3,4,51. 


OPTICAL  DEMSITY 


FlC.l  Linear  absorption  spectra:  a)  A1  p-octylblthiophene. 

(=  0.  26  pm 

b)  Bl  p-octy I  thiophene. 
t  =  0.28  pm 
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On 

theoretical 


FIG  2  the  experimental  data  are  compared  with 
curves  calculated  with  the  parameters  of  TABLt  1. 
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TABLE  1 


r/N  (  10  ®^si) 


FIC.2 

Experimental  complex  value  of  hyperpolarozabi 1 ity  per 
thiophene  unit  yC  w,  obtained  by  third-harmonic 

generation  as  a  function  of  fundamental  photon  energy.  The 
theoretical  fit  was  obtained  by  a  three- leve 1  model. 

With  the  same  parameters  one  can  also  determine  the  real 
part  of  7(u>)  by  using  the  relation  (3)  and  by  summing  on  all 
conformations.  One  can  then  deduce  the  extrapolated  value  at 
zero  frequency  y(0)  (cf  TABLE  1).  The  values  indicated  in 
TABLE  1  are  typical  average  values  for  conjugated  polymers.  As 
for  polydiacetylene  (4).  polyacctylene  (51,  polyenes  (61,  the 
lowest  two-photon  energy  level  is  located  below  the  first 
one-photon  excited  level  (E2-E1  <0.6  eV).  The  transition 

dipole  moment  lies  generally  between  1  and  2  e,A  and 

between  3  and  6  e.A,  and  according  to  (1)  yiu)  is  positive 


FIG. 3  Variation  of  y  at  zero  fre<7uency  with  6 

THEORETICAL  CALCULATION  OF  THE  NONLINEAR  THIRD-ORDER 
COEFFICIENTS  By  quantum  chemical  calculations  (CNDO  with 
configuration  interaction)  it  is  possible  to  calculate  the 
variation  with  polymer  length  of  the  transition  moments  and 
the  value  of  ytw)  extrapolated  for  an  infinite  polymer. 

For  flat  thiophene  oligomers  we  have  calculated  the 

variation  with  the  monomer  unit  number  N  of  u  /N  and  ii  The 

01 

first  quantity  is  proportional  to  the  polarizability  per  unit 
volume.  These  two  quantities  reach,  as  expected,  a  limit  value 
when  N  tends  to  infinity,  respectively  (1.35  e.A)  and  5.5  e.A 
.On  condition  of  renormalizing  suitably  (7),  in  the  formula 
(1).  the  negative  term  proportional  to  -M^^.the 

hyporpolarizability  por  monomer  unit,  y/N,  also  reaches  a 
finite  value. 

The  so  calculated  value  for  an  infinite  flat  polymer  of 
polythiophene  y(0)=l5  10  SI,  is  in  reasonable  agreement 

with  the  experimental  data  (cf  TABLE  1)  in  view  of  the 
distorsions  of  the  polymers  with  respect  to  planarity  in  thin 
layer.  Indeed  it  will  be  shown  that  this  limit  value  depends 

on  the  localization  of  elementary  excitations.  In  a  flat 
polymer  this  results  from  electronic  correlations 
(electron-hole  pair  interaction  mainly  ).  All  distortion  of 
the  polymer  backbone  increases  this  localization.  FIG  3  shows 

for  example  the  reduction  of  the  y  value  produced  in  a 

helicoidal  polythiophene  by  the  increase  in  the  torsion  angle 
0  between  two  successive  thiophene  units. 

In  conclusion  in  conjugated  px>lymers  it  is  p>ossible  to 
determine  experimentally  and  to  model  the  variations  with  the 
frequency  of  the  nonlinear  coefficients  due  to  electronic 
hyp>erp)olarizabilily  even  when  the  px>lymer  exhibits  numerous 
conformations.  The  p)oint  in  the  interpretation  of  such 
measurements  is  the  description  of  two-photon  states.  We  have 
also  shown  that  quantum  calculations  on  the  monoelectronic 
stales  p>ermits  to  calculate  some  basic  parameters  with  a  good 
approximation. 
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Introduction 

The  nonlinear  optical  polymer  program  at  the  Max-Planck-Institute  for  Polymer 
Research  tUrted  about  5  years  ago.  Focussing  mostly  on  phenomena  related  to  the  third 
order  soniinear  optical  susceptibility  various  polymeric  materials  with  conjugated 
flection  tyatems  were  developed  and  investigated  by  means  of  third  harmonic  generation 
(THG)  and  degenerate  four  wave  mixing  (DFWM)  The  -values  obtained  by  THG  in 
theM  materiali  increase  strongly  with  the  spectral  position  of  their  longest  wavelength 
(Unttr)  absorption,  The  response  times,  r,  in  most  cases,  were  below  the  Ips 

rcfoliition  limit  of  the  DFWM  set-up.  Interesting  scaling  behavior  of 
tttouuioe  condition  were  found;  For  the  x-coojugat^  polymers  a  linear  increase  of 
(froin  DFWM  experiment)  with  increasing  absorption  coe&dent,  o,  as  one  approaches  a 
reMoance  seems  to  be  adequately  descril^d  by  a  recently  develop^  phase-space  fllliog 
mo^  of  ID  exdtomc  excitations.  Contrary  to  this,  localised  two-level  systems  like 
rhodaznine  6G  or  phthalocyanine  thin  01ms  show  a  quadratic  increase  of  x’*’  ^  ^ 
increases.  In  addition,  the  latter  systems  show  a  strong  dependence  of  the  linear  and 
DOttlinear  optical  properties  on  the  sample  preparation  condition  resulting  in  different 
degrees  of  electronic  coupling  between  individual  cbromophores. 

Within  this  program,  also  a  lot  of  work  is  devoted  to  the  development  and 
characterisation  of  polymeric  materials  that  might  act  as  passive  elements  in  future 
integrated  optics  devices.  As  most  promising  examples  some  results  obtained  with  glassy 
polyelectrolvtes  based  on  quaternary  ammonium  salts  are  presented.  Low-loss  waveguide 
stmctuiet  (>ldB/cm)  can  be  fabricated,  with  indices  of  refraction  n  between  1.50  and 
1.73  and  with  high  Abbd  numbers  (low  dispersion)  up  to  i/q>70.0.  Another  dass  of 

thnt  can  be  manipulated  at  the  molecular  level  to  build  lupramolecular 
structures  by  the  Langmuir— BIodgett-Kuhn  technique  indudes  polyglutamates, 
c^oloseethers  and  polysilanes.  These  rod-like  polymers  with  flezibie  side  chains  ("hairy 
rods")  behave  like  molecolarly  reinforced  liquids  with  excellent  optical  properties  that 
allow  also  (oc  a  wide  range  of  different  functionalisations. 

Expenyntal  Section 

THG  experiments  were  performed  with  inffared  light  pulses  (A  s  1064  nm,  P  =  0.4 
mJ,  duration  n  30  ps)  from  an  actively/passively  mode  locked  Nd:  YAG  laser>K  The 
pulses  were  focused  on  the  sample  mounted  in  a  vacuum  chamba  on  a  rotary  stage.  Maker 
mnges  were  analysed  taking  into  account  also  back-reflection  effects  induding  all  bound 
waves  in  the  layer  systems^),  and  using  fused  silica  with  x’’’  (~3  <v)  =  3.11 

lO't^esu  at  1064  nm  as  a  reference^) . 

DFWM  experiments  were  done  in  a  folded  BOXCARS  configuration^) .  The  output 
cf  a  synchronously  pumped  cavity  dumped  dye  laser  (wavelength  variation  between  560  nm 
and  760  nm)  wu  split  into  tlm  beajns  with  variable  dday  and  focused  onto  the  thin 
film^).  The  intensity  at  the  sample  was  ca.  1  GW/cm<,  the  pulse  duration  fs  ipi. 
values  were  derived  by  comparison  with  CSs,  taking  into  account  the  effective  sample 
thickness  d,  refractive  index  o,  and  the  absorption  coemdent  a 

Wav^uide  properties  of  the  thin  film  samples  were  studied  with  prism  couplers  in 
various  configurations*'*) .  From  angular  measurements  of  the  mode  coupling  conditions 
the  (anisotropic)  indices  of  redaction  were  obtained.  Optical  dispersion  data  were 
determined  by  osiiig  various  lines  of  Ar+,  Kr+,  and  HeNe-lasers.  Mode-attenuation 
f"waveguide  losses")  were  measured  by  imaging  the  straylight  of  the  guided  beam  onto  a 
mode  array*) . 

Thin  pdymer  filmi  were  prepared  by  either  spin-coating  from  solution  ^followed  in 
some  cases  by  thermal  treatment,  see  results)  or  by  the  Langmuir— Bloagett-Kuhn 
technique*).  I^lm  thicknesses  were  determined  optically*)  or  with  a  mechanical  step 
profiler. 


and  Discnision 

PoiTmen  with  con  moated  y-dectron  ivstems 

Table  1  siunmaritet  some  of  the  results  obtained  by  THG  (x‘  )  and  by  DFWM  (r) 
for  various  conjugated  polymers.  Thin  films  of  poly  (p— phenylenevioylene)  (PPV)  ana 
nd7(nMhthylenevinvlene)  (PNV)  were  prepared  by  spin-casting  from  precursor  solutions 
fiNl^ed  by  thermal  treatment  in  vacuo’*).  Samples  of  poly(phenyIacetyleDe]  (PPA) 
d^vatives  prepared  by  the  method  of  Masuda  et  al“)  were  cast  from  solution.  The 
^*og®  typical  for  conjugated  polymers.  Despite  possible 
resonuce  contributions  in  most  cases  the  relaxation  time  r  derived  from  the  decay  of  the 
transient  grating  in  the  DFWM  experimenti  is  shorter  than  the  resolution  linut  given  by 
the  User  pnlse  width. 

The  spectral  position  of  the  linear  absorption,  A.ax.  if  also  shown  in  Table  1  for 
cmnpansoD.  Treating  the  conjugated  polymers  as  one-^mensiona]  systems  with  a 
w-electron  delocalisation  length  Ld,  Agrawal**  and  Flytsanis**)  derived  a  scaling  law  for 
the  third  order  susceptibility 


I  A'>'-(Ld)*  (1) 

ff  Ld  it  taka  to  be  inversely  proportional  to  the  optical  gap  then  x‘*’  should  scale  with 
I  (^•4*)*-  This  is  qualitatively  found  for  a  wide  range  of  polymers  (Fig.l)  although  for 
certain  systems  true  oon-resonant  x‘  -values  would  be  required  for  a  rigorous  testing  of 
this  theoretical  approach  ><> 

U  view  of  possible  applications  of  these  materials  for  all-optical  information 
processing  where  (non-fesonant)  x‘*’“^slues  in  the  range  of  10  esu  or  larger  are 
estimatea  to  be  required  it  is,  however,  highly  doubtful  whether  linearly  polyconjugated 
moleculet  allow  to  reach  this  non-resonant  x*  value  at  all.  However,  it  is  an  open 
question  if  optimised  figures  of  merit  and  larger  device  lengths  can  fulfill  application 
reqotrements. 


b)  Klectronic  coupline  between  chror:'.ochofcs 

The  close  interrelation  between  the  detailed  molecular  jiruciure  of  the 
chromophore,  the  suptamolecular  aiciiilecture  of  the  malnx  into  which  it  is  incorporated, 
and  the  linear  and  nonlinear  optical  properties  cl  the  resulting  functionalized  rr.atenai  is 
demonstrated  for  various  thin  film  samples  of  phthalocyanines  (PC)  These  dyes  are  of 
general  interest  because  of  their  excellent  light  and  temperature  stability.  The  chemical 
structure  and  a  few  details  of  the  different  systems  used  in  these  studies  are  given  in  Tabic 
2.  For  system  1,  the  interconnect,  Rj,  between  different  phthalocyanine  nngs  had  the 
following  chemic^  structure 


CHj  CH, 

RJ--0~(CU2)4-Si  ^<pVsi  -(CH,}4-0~ 

CHj  CHj 

In  system  4  the  phthalocyanine  moieties  were  incorporated  into  a  copolymer  with  styrene 

Fig  2  shows  the  Linear  absorption  spectra  and  the  decay  curves  as  obtained  from 
DFWM  experiments  at  A  %  650  nm.  Remarkable  differences  for  the  various  systems  are 
found^) .  An  isolated  PC  molecule  like,  e  g.,  in  system  4,  gives  a  sharp  absorption  spectrum 
This  leads  to  a  very  slow  decay  time  of  the  transient  grating  beyond  the  resolution  of  the 
set-up.  Increasing  aggregation  eventually  leads  to  an  inhomogeneous  broadening  of  the 
absorption  band  and  a  concomitant  reduction  of  the  transient  time  (by  orders  of 
magnitude!)  Obviously,  the  electronic  coupbng  between  individual  resonators  affects  both, 
the  bnear  and  the  nonlinear,  response  of  a  chromophore  system. 

Various  contributions  to  the  observed  phenomena  may  include  i)  fluorescence 
lifetime  reduction  by  ag^regational  quenching,  ii)  energy  migration >*) ,  eg  exaion 
diffusion  into  the  not  illuimnated  area,  iii)  energy  trapping  at  lower  states,  iv)  bimolecular 
excitoo  quenching'*) ,  etc. 

The  response  times  of  the  conjugated  polymers  described  above  are  presumably  also 
rdated  to  the  relaxation  processes  iii)  and  iv).  The  extended  r-coojueation  with  a  tight 
dectronic  roupling  via  intra-  and  interchain  energy  migration  leads  to  the  oltralast 
transient  times  of  these  systems,  even  near  resonances. 

c)  Scaling  laws  for  »  pear  resonances 

DFWM  experiments  (at  various  wavelengths  A^^  with  conjugated  systems  bkc  PT- 

and  PPV  —  thin  films  on  one  side  and  rhodamin-(R6G-)  dye  films  cast  from  methanol 
solution  on  the  other  tide  show  interesting  differences  as  to  the  dependence  of  the  nonlineai 
response  x*”  on  the  Linear  oscillator  strength'').  This  is  shown  in  Fig. 3  where  x‘**  is 
plotted  as  a  function  of  the  extinction  coefficient  a  s  a  (A^)  on  a  log— log  scale. 

For  the  R6G  sample  a  scaling  law  x'  is  derived.  This  can  be  understood  on  the  basis 

of  a  theoretical  model  for  the  saturable  absorption  in  a  two  level  system)*) . 

This  is  significantly  different  for  the  strongly  delocalised  excitations  in  ID 
oonjugated  polymers  like  PPV  or  PT.  In  analog  to  exdton  theories  in  semi-conductorsi*) 
recently  developed  model  of  phase-space  filling  by  one-dimensionaJ  exdtons**)  should 
be  a  mote  appropriate  description.  At  shown  by  Greene  et  tl.  this  treatment,  indeed,  leads 
to  a  proportionality  between  the  resonant  x^  and  a,  in  agreement  with  the  data  of  Fig  3. 
Strong  support  for  this  picture  comes  also  from  the  fact  that  this  relation  should  ie 
independent  of  the  spedfic  material,  again  in  accordance  with  the  data  of  Fig.3. 

As  far  u  applications  are  concerned  the  important  message  of  Pig.3  is  that  it  might 
be  possible  for  certain  systems  to  resonantly  enhance  the  nonlinear  response  of  an  organic 
material  into  the  reouired  il  esu)  by  worldng  at  wavelengths  near  an 

dectronjc  transition  (x'*)  **  o*)  without  burning  tne  device  b^use  the  beat  deposition 
would  increase  only  linearly  witn  a.  However,  tc  obtain  materials  that  can  be  operated  at 
such  high  light  intensities  is  still  a  severe  problem. 

d)  Tailorine  DOlviners  for  integrated  optics 

For  futnre  device  appUcations  not  only  tbe  nonlinear  "optically  active"  properties 

A***)  ^  *  polymeric  material  need  to  be  optimised  —  what  is  equally  urgently 
needed  are  passive  units:  materials  that  can  be  processed,  eg.,  in  the  form  of  planar 
waveguide  structures,  that  can  serve  as  substrates  or  superstrates,  that  can  be  further 
itTuctuied,  e.g.  to  build-up  channel  waveguides,  etc.  Tbdr  linear  optical  properties  need  to 
be  tuned  either  to  low  refractive  index  values,  e  g.  for  dadding,  or  to  high  indices  but  with 
low  dispersion.  In  addition,  one  needs  highly  transparent  polymers  for  low-loss  structures 

PolyeJectrolyte  glasses**)  (ionenes)  are  protnissiDg  candidates  in  this  respect  Based 
on  polymeric  quaternary  ammonium  salts  refractive  indices  n  between  1.50  and  1  72  with 

lugh  Abb6  numbers  (low  dispersion)  >  70  0  have  been  described**'.  Matrix  properties 

that  determine,  eg.,  tbe  transparency  of  tbe  material  are  controlled  by  tbe  polymeric 
backbone  whereas  the  indices  of  refraction  can  be  tuned  over  this  wide  range  by  the 
appropriate  choice  of  suitable  counterions. 

An  example  for  a  planar  waveguide  structure  (chemical  composition  of  this  material 
shown  in  tbe  inset)  with  a  series  of  guided  modes  is  &ven  in  Fig. 4.  In  addition  to  these,  a 
broad  surface  plasmon  can  be  seen  at  a  high  coupling  angle  (6o  s  73*)  From  Fresnel 
calculations  (full  line  in  Fig.4,  for  darity  somewhat  sifted  relative  to  the  experimental 
data  points)  one  thus  obtaines  accurate  thickness  (d  =  1.65  /nn)  and  index  of  refraction 
datafn  =  l.49)>«). 

Another  most  critical  properly  of  waveguides  is  their  scattering  loos  which 
determines  for  non-absorbing  materials  tbe  propagation  length  of  the  guided  modes.  Fig  5 
shows  the  result  for  an  optimised  polyelectrolyte  glass.  Shown  are  attenuation  data  as 
obtained  for  various  laser  wavdengtbs.  The  full  line  corresponds  to  a  A*^  -  proportionality 
given  by  a  Rayleigh-Scattering  m^anism.  Losses  in  the  range  of  IdB/cm  can  be  achieved 
tor  wavelengths  A  >  650  nm. 

Other  examples  for  materials  with  a  controllable  supramolecular  structure  and  very 
interesting  properties  are  rod-like  polymers  decorated  by  short  flexible  side  chains  ("hairy 
rods")  that  self-organise  to  form  monolayers  of  nematic  texture  at  the  air-water  interface 
of  a  Langmuir-trough*’**) .  Applying  the  LBK-technique*) ,  layered  structures  of 
moleculary  defined  thickness  and  exceUeot  optical  quality  can  bt  build  up.  The  type  of 
layered  architectures  which  has  been  tested  in  our  Institute  for  wave-guiding  properties*' , 
for  storage  of  optical  information  using  surface  plasmon  exdtation**'  and  as  a  compionent 
of  sensors*"  is  depicted  in  Fig. 6.  Here  oopoly(mcihyl,  octadecyl-L-glulamale)  in  its 
helical  form  was  used  as  the  example.  Other  polymers  which  are  also  suitable  are 
celluloseethers,  poly(diphenylsilane)s,  phthaJocyaninatopoly-  (siloxane)**'  etc  Physically, 
these  layered  polymer  structures  behave  like  molecularly  reinforcea  bquids,  since  the 
rod-like  backtones  are  embedded  in  a  liquid-like  matrix  of  the  side  chains  The 
maaoscopic  orientation  of  the  layers  is  achieved  by  the  flow-field  induced  onenlaiion  of 
the  long  rods  in  the  monolayers  at  the  air-water-inlerface  during  deposition  in  the 
LBK  technique 
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Chemical  structure  and  preparation  method  of  the  investigated  phthalocyanine  films 


Figure  1:  Survey  of  THG  experiments  with  conjugated  polymers.  In  addition  to  the 
systems  listed  in  Table  1  -values  for  poly  dracetylenes  (PDA)  and  trans  polv 
acetylenes  (PA)  taken  from  the  literature*^’ ,  as  weU  as  for  po!yf3-^ecyl  ihiophcnesj 
(PTj'i’  are  plotted  as  a  function  of  the  spectral  position,  Auz,  of  tne  linear  absorption. 
The  higher  x‘*’"vaJues  found  for  PPV  are  explained  as  a  consequence  of  the  higher 
x-electron  density  due  to  the  lack  of  bulky  substituents  (from  Ref.  14). 


Pieure  2;  Absorption  spectra  (a)  and  decay  of  transient  gratings  (b)  of  some 
phthalocyanine  thin  films  1-4  as  described  in  the  text  (from  Ref.  5). 


Figure  6:  Schematic  description  of  the  organization 
of  "hairy  rod”  polymers  on  solid  wpporti  as 
obtained  by  the  Langmuir—BlodgeU— Kuhn  method. 


Figure  3:  Double-logarithmic  plot  of  resonant  values  determined  by  DFWM,  if  the 
laser  wavelength  is  tuned  in  the  low-energy  tails  of  the  absorption  bands  of  the  conjugated 
polymers  PPV,  PT  and  the  dye  R6G  as  described  in  the  text,  (a):  data  from  Ref.  21.  The 
full  and  dashed  lines  represent  the  slopes  2  and  1  respectively.  DaU  from  Ref.  17. 


CVr-CI>C1-CI,  t  C4Bi,' 


Figure  4:  Waveguide  mode  pattern  and  surface  plasmon  resonance  of  a  glassy 
polyelectrolyle  thin  film  Chemical  structure  given  on  lop. 


Figure  5  Waveguide  losses  of  a  glassy  polyelectrolyto  film  as  a  function  of  the  wavelength 
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CUBIC  NONLINEAR  OPTICS  OF  POLYMER  THIN  FILMS. 

1.  MOLECULAR  ENGINEERING  AND  PROCESSING 
OF  POLYMERS  WITH  LARGE  THIRD-ORDER  OPTICAL 
PROPERTIES  FOR  PHOTONIC  SWITCHING 

Samson  A.  Jenekhe*,  Ashwini  K.  Agrawal, 

Chen— Jen  Yang,  John  A.  Osaheni,  Wen-Chang  Chen, 
and  Michael  F.  Roberts 
Department  of  Chemical  Engineering  and 
Center  for  Photoinduced  Charge  Transfer, 

University  of  Rochester,  Rochester,  NY  14627-^166 

Introduction.  Polymers  with  large  cubic  optical  nonlinearities 
and  picosecond  or  subpicosecond  response  time  are  among  the 
important  emermng  photonic  materials  [1—8].  Envisioned  applications 
of  such  materials  in  photonics  and  integrated  optics  include  ultrafast 
photonic  switching  devices,  optical  interconnection  of  electronic 
devices,  self— switching  devices  to  protect  optical  and  electrooptical 
tensors  from  laser  radiation  damage,  and  others  [2].  However, 
research  in  the  field  is  only  in  the  early  stages  as  significant  advances 
in  nonlinear  optical  (NLO)  materials  synthesis  and  optimization,  thin 
film  processing,  fabrication  of  materials  into  device  structures  such  as 
waveguides,  and  testing  of  device  concepts  and  prototypes  are  all 
required  for  progress  towards  these  imTOrtant  applications.  In  this 
and  subsequent  papers  in  the  series  [9],  we  will  present  results  that 
exemplify  our  laboratory’s  approach  to  the  molecular  engineering  and 
processing  of  polymers  with  cubic  optical  nonhnearities  for  photonic 
applications. 

Molecular  Engineering  of  Cubic  NLO  Polymers.  One  of  the 
often  cited  advantages  of  organic  nonlinear  optical  materials  is  the 
virtually  limitless  number  of  materials  potentially  accessible  by 
synthetic  chemistry  and  the  possibility  of  materials  by  design.  This 
assumes  that  the  iiiles  to  guide  such  materials  design  or  optimization 
are  known,  presumably  from  theory  or  experimental 
structure-property  oorrdations.  Although  the  third  order  optical 
susceptibility  of  many  conjugated  polymers  has  been  reported  [1,3-8], 
there  is  currently  no  detailed  fundamental  theory  or  expenment^ 
understanding  of  the  underlying  structure-^*  relationships.  Early 
Studies  [10—12]  established  the  requirement  of  a  conjugated  molecule 
with  a  large  electronic  delocalization  length,  and  hence  a  small  optical 
band  gap,  to  achieve  a  large  second  hyperpolarizability  (7)  and  bulk 
third  order  optical  susceptibility  x**’-  These  earlier  or  more  recent 
theoretical  studies  do  not  provide  a  sufficient  basis  for  a  rational 
molecular  engineering  of  materials. 

The  following  structures  1—17  represent  some  of  the  main 
conjugated  polymers  whose  NLO  properties  have  been  reported  by 
others  or  under  investigation  in  our  laboratory.  Most  of  the  literature 
data  on  the  x*  ”  of  polymers  consists  of  one  wavelength 
measurements  with  little  or  no  information  about  the  wavelength 
dispersion  of  x*  ”  ■  In  fact,  until  recently  the  x‘  ”  spectrum  was 
reported  for  only  polyacetylene  (1)  [13]  and  polydiacetylenes  (2)  [14]. 
Thus,  a  meaningful  comparison  of  the  currently  known  third  order 
NLO  properties  of  these  conjugated  polymers  is  nearly  impossible.  It 
is  clear  that  without  a  rigorous  comparison  and  systematic  study  of 
the  x‘  ”  spectra  of  conjugate  polymers  the  underlying 
structure— x'  relationships  will  remain  obscure  and  there  will  be  no 
rational  basis  for  molecular  engineering  or  optimization  of  the 
materials  for  devices.  Also,  without  a  common  basis  of  assessing  the 
NLO  properties  of  the  currently  known  polymers,  the  advantage  of 
choice  ofieied  by  organic  NLO  materials  would  turn  into  a 
disadvantage  and  slow  progress  towards  photonic  appUcations  due  to 
the  problem  of  choice;  i.e.,  how  does  one  choose  one  or  a  small 
number  of  NLO  polymers  for  a  detailed  device  work  from  these 
polymers  1—17  and  possibly  scores  of  their  derivatives  or  others? 

Our  approach  to  these  problems  is  a  systematic  investigation 
of  the  X*  ” ,  wavelength  dispersion,  in  different  classes  of 

conjugated  polymers,  e.g.  5—17,  and  their  derivatives  with  the  goal  of 
establishing  the  structure— x*  8)  relationships  and  a  x'  ’’  ('^)  data  base 
for  testing  theoretical  modds.  In  addition  to  the  effects  of  molecular 
and  electronic  structure  on  x‘  i  ll>c  effects  of  polymer  chain 
structure,  morpholo^,  and  composition  is  being  investigated  via 
copolymers  I— U1  and  blends  or  molecular  composites.  NLO  results 
illustrating  these  approaches  will  be  presented  in  this  and  the 
following  papers. 
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Processine  of  Cfoniueated  Polymers.  Advances  in  processing  of 
conjugated  polymers  to  thin  films,  coatings,  or  fibers  will  be  crucial  to 
developing  cubic  NLO  materials  for  photonic  applications  for  practical 
and  fundamental  reasons.  An  obvious  practical  consideration  in 
selecting  a  material  for  a  device  application  is  the  ability  to 
reprodudbly  fabricate  the  material  into  the  desired  device  structures. 
On  the  other  hand,  processing  determines  the  bulk  morphologj-  of  a 
polymer  and  hence  both  linear  (o)  and  nonlinear  (x'*’)  optical 
proj»rties.  The  often  used  device  figure  of  merit  x*  ”  /o  is  thus  a 
sensitive  function  of  processing,  especially  since  a  large  contribution 
to  the  bulk  optical  loss  is  from  scattering  due  to  defects  in 
morphology. 

The  problem  of  processing  of  conjugated  polymers  has  been 
known  to  those  in  the  field  of  conducting  polymers  for  many  years 
There  are  currently  three  approaches  to  the  solution  processing  of 
conjugated  polymers:  (1)  soluble  precursor  polymers;  (2) 

derivatization  via  long  alkyl,  alko^,  or  other  bulky  side  chain;  and 
(3)  soluble  complexes  of  the  conjugated  polymers.  The  precursor 
polymer  approach  [15]  has  been  successfully  used  to  process  1,  4,  6,  7 
and  10  The  derivatization  approach  has  b<»n  used  to  prepare  soluble 
derivatives  of  2,  5,  7  and  11.  A  major  drawback  of  the  derivatization 
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approach  is  that  it  is  not  really  a  solution  to  the  problem  of  processing 
of  the  original  polymers  but  a  clever  avoidance  of  the  original 
polymers.  Although  interesting  in  their  own  right,  such  derivatives 
Me  not  the  same  thing  as  the  original  polymers  and  in  fact  may  be 
inferior  particularly  in  physical  properties  such  as  the  glass  transition 
temperature  (Tg),  For  example,  whereas  poiy(2,5-thiophene)  is  an 
cxcdlent  high  temperature  material  with  a  very  high  Tg  (probably 
>  200-300’ C),  its  soluble  derivative  poly{3-hexyl-2,5-thiophene) 
cannot  be  used  at  above  room  temperature  since  its  Tg  is  ~26-35’C. 

The  third  approach  to  processing,  i.e.  soluble  complexes,  was 
recently  introduced  by  our  laboratory  [16]  and  is  the  most  general 
approach  to  the  processing  of  conjugated  polymers.  For  example,  the 
conjugated  NLO  polymers  8—17  and  many  others  have  been 
successfully  processed  from  organic  solvents  via  a  simple  reversible 
Lewis  add-base  complexation.  Thu  .  nroach  is  illustrated  by  the 
so.ution  processing  of  a  member  of  11  in  the  following  scheme. 
Results  on  different  classes  of  conjugated  polymers  will  be  presented 
to  demonstrate  the  approach. 


CHOH 


-f<gh-^N-=CH-.<g^CH=N^ 

'GaCl^  'GaCI^ 

Summary.  Although  conjugated  polymers  with  large  ultrafast 
cubic  optical  nonlinearities  (y*’’,  nj)  represent  an  important 
emernng  class  of  materials  for  photonic  applications,  progress  towards 
the  fabrication  and  testing  of  photonic  switching  devices  requires 
advances  in  synthesis,  optimization,  and  novel  processing  of  materials. 
We  have  initiated  a  systematic  study  of  structure-y<  relationships 
in  polymers  as  an  approach  to  the  molecular  engineering  of  materials. 
We  have  successfully  prepared  optical  quality  thin  films  of  many 
dasses  of  conjugated  polymers,  e.g.  8—17,  using  the  novel  approach  of 
complexation  mediated  solubilization  and  solution  processing  from 
orgamc  solvents.  This  has  allowed  us  to  measure  the  third  order 
optical  susceptibility  and  its  wavelength  dispersion  in  a  large 
numter  of  conjugated  polymers,  forming  the  most  comprehensive 
experimental  data  base  on  structure-y*  ”  correlations  on  polymers. 
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highly  polarizable  metallic  complexes  for  nonlinear  optics 

by 

Jacques  SIMON,  Thierry  THAHI,  Michel  A.  PETIT 
ESPCI-CNRS 

Chlmie  et  Electrochimie  des  Mat6riaux  Mol6culaires 
10,  rue  Vauquelin,  75231  Paris  Cedex  05,  France 

Abstract ,  The  synthesis  of  l-p-phenyihydrazono-2-phenyI- 
imino-ethane  derivatives  unsymmetrically  substituted  in  the 
para-position  with  an  electron  acceptor  (-NO2)  and  an 
electron  donor  (-OMe  or  -NMe^)  are  described  and  the  corres¬ 
ponding  cobaltoi’G  complexes  are  prepared.  X-ray  diffraction 
on  a  single  crystal  of  the  dimethylamino-complex  has  been 
performed  (space-group  :  pT)  showing  that  the  coordinate 
site  around  the  cobalt  ion  is  nearly  tetrahedral.  The  complex 
Itself  is  approximately  of  symmetry.  The  inversion  center 
of  the  space-group  transforms  one  optical  isomer  into  the 
other.  The  hyperpolarizability  coefficients  (/3)  of  the 
ligands  in  their  cis  and  trans-forms,  and  of  the  neutral 
cobaltous  complexes,  have  been  determined  in  solution  by  the 
Electric  Field  Induced  Second  Harmonic  (EFISH)  technique. 

The  magnitude  of  the  ^-value  obtained  for  the  complex  is 
larger  than  the  value  calculated  from  the  tensorial  addition 
of  the  molecular  hyperpolarizability  coefficients  of  the 
ligands.  The  importance  of  the  cation  on  the  nonlinear 
optical  properties  of  metallo-organlc  complexes  is  out¬ 
lined. 


The  use  of  organic  molecules  for  second  harmonic  generation 
(SHC)  in  nonlinear  optics  (NLO)  is  well  documented  *  The 
NLO  properties  of  standard  molecular  units  may  be  fairly 
accurately  predicted  from  the  donor/acceptor  characteristics 
of  the  substituents  and  from  the  nature  of  the  conjugation 
path  linking  these  substituents.  Only  a  few  studies  were 
concerned  with  metallic  coordination  complexes*  Metallic 
coordination  complexes  may  yield  original  NLO  properties 
in  two  respects.  Firstly,  coordination  complexes  have 
geometries  (tetrahedral,  octahedral,  square  planar  )  which 
are  extremely  difficult  to  attain  with  purely  organic  mole¬ 
cules.  Secondly,  the  molecular  orbitals  of  metallo-organlc 
complexes  involve  d-orbitals  whose  symmetry  properties  are 
different  from  s-  and  p-orbitals  found  in  standard  organic 
chemistry.  In  organic  molecules,  the  charge  transfer  band 
which  is  the  most  efficient  for  SHG  is  either  uniaxial  or, 
more  rarely,  planar.  In  conventional  dlsubstituted  nitro- 
anlline  derivatives  (symmetry  :  ?2v  ’  ’ 

collnear  with  the  dipole  moment  is  not  negligible  (Fig.  II ■ 


coefficients  (  )  by  the  equations  : 

Mo 

f^YYZ  =^ZYY  = 

where  2d( is  the  angle  between  the  charge  transfer  exes  of 
the  two  molecular  subunits.  In  this  approach,  the  two  polari 
zation  subunits  are  considered  to  be  completely  independent, 
the  overall  hyperpolarizability  coefficients  may  be  calci’lat 
ed  from  the  tensorial  sum  of  the  individual  hyperpolarlzabil 
ity  coefficients. 

In  the  case  where  the  two  molecular  subunits  are  linked  by  a 
transition  metal  ion  with  d-orbitals,  5  other  terms  are  in¬ 
troduced  : 

I^ZXX  "/\xz 

^XYZ  ZXY 

This  paper  describes  the  synthesis  of  highly  polarizable  di- 
dentate  ligands  :  the  hydrazone-imlne  glyoxal  derivatives 
(FlS.  2). 


Iran. 


trans 

0  =  CH,o- 
D  =  ich^n- 


I© 


Figure  2.  The  ligands  synthetlzed  and  the  corresponding 
anions  formed  in  basic  media. 

In  basic  conditions,  the  corresponding  anions  salts  are 
prepared.  They  can  be  metalled  with  various  metallic  salts 
to  form  L^M  complexes  (L:  ligand  ;  M:  first  row  divalent 
metallljjions).  The  X-ray  structure  of  one  of  the  complexe, 
(2  ),Co  ,  has  been  determined.  The  second  order  hyperpola- 
rizaolllty  coefficients  of  the  various  ligands  and  of  the 
cobaltous  complexes  have  been  measured  by  the  Electric  Field 
Induced  Second  Harmonic  generation  (EFISH)  method. 


igure  1 .  Charge  transfers  In  tetrahedral  compleres. 

n  the  C  symmetry  with  two  unidimensional  polarization 
xes,  the  crossed  terms^Y^^  '  ^ZYY  coefflents 

ay  be  related  to  the  uniaxial  molecular  hyperpolarlzabl 1 1 ty 
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Introduction 

The  search  for  organic  materials  with  large  second*order 
optical  nonlinearities  is  presently  intense  owing  to  their 
potential  use  in  various  applications  such  as  optical  signal 
processing^.  To  design  such  materials  one  must  attempt 
firstly  to  achieve  adequate  molecular  hyperpolarizability  0 
relative  to  a  given  transparency  range,  and  secondly  correct 
alignment  of  the  molecules  In  the  bulk  material  in  order  to 
maximize  each  molecular  contribution.  A  lot  of  work  has  been 
carried  out  on  the  first  point  since  it  is  well  established 
that  a  large  hyperpolarizability  ^  originates  from  the 
presence  of  a  highly  polarizable  dissymmetric  ir-electron 
cloud.  A  typical  nonlinear  system  consists  of  a  compound 
bearing  an  electron  acceptor  group  and  a  donor  group  at  each 
extremity  of  a  conjugated  system.  Such  compounds  present  a 
typical  intramolecular  charge  transfer  electronic  transition 
and  are  often  considered  as  chromophores  or  dyes'. 

A  good  understanding  of  each  effect  that  could  influence 
the  properties  of  such  systems  is  useful  as  the  next  step  in 
engineering  suitable  nonlinear  optical  materials,  whatever 
the  form  of  the  bulk  material  that  is  investigated:  crystal, 
polymer  or  LB  films.  Many  chromophores  have  been  examined 
for  second-order  nonlinear  properties.  The  best  known  are 
1 .^-disubstituted  benzenes  or  2 , 5-disubscicuced  pyridines, 
%*ich  have  led  respectively  to  the  discovery  of  the  nearly 
optimized  crystalline  materials  NPP^  and  PNP^.  Then  and 
still  now.  more  extended  conjugated  systems  have  been 
investigated:  4,4' -dlsubstituted  stilbenes*  and  4,4'- 
disubstituted  tolans^.  We  wish  to  report  here  our  recent 
results  concerning  both  these  kinds  of  conjugated  systems. 

Results  and  discussion 

Tolan  derivatives.  The  tolan  skeleton  presents  the  advantage 
of  avoiding  the  facile  chemically  and  photochemically 
induced  Z.E  (cis-trans)  isomerism  that  is  often  observed 
with  the  corresponding  stilbenes.  Some  second  harmonic 
generation  (SHG)  efficient  derivatives  have  already  been 
reported^’^.  We  have  synthesized  a  set  of  4,4' -disubstituted 
("push-pull")  tolans  I,  and  studied  their  nonlinear  optical 
properties.  All  the  compounds  have  been  prepared  using  a 
pal ladium/copper  catalyzed  coupling  reaction  between  an 
arylacetylene  and  an  arylhalide  in  a  dialkylamine  solvent 
according  Hagihara's  procedure^.  In  some  cases  a  catalytic 
phase  transfer  Pd/Cu  coupling  reaction  proved  useful®. 

Classical  considerations  about  conjugated  systems  reveal 
that  the  most  stable  conformation  of  each  push-pull  tolan  is 
obtained  when  the  phenyl  rings  lie  both  in  the  same  plane. 
Contrary  to  the  biaryl  or  stilbene  analogues,  no  steric 
interactions  between  the  ortho-hydrogens  occur  here.  From 
calculations  of  the  molecular  structure  and  the  heat  of 
formation  by  using  the  AMI  serai -empirical  method,  it  has 
been  found  that  the  resonance  energy  difference  between  an 
all  planar  geometry  and  an  orthogonal  orientation  of  the 
aryl  rings  Is  less  than  0.3  k'al.mol’'.  The  consequence  is  a 
quasl-free  rotation  around  each  aryl-ethynyl  C-C  bond  and 
thus  all  conformers  should  coexist  at  room  temperature.  We 
predict  from  this  result  that  we  can  observe  any  value  of 
the  Interplanar  angles  in  the  crystalline  state,  since  as  is 
well  known,  the  crystalline  environment  can  effect  such 
torsional  changes  easily.  This  has  been  actually  observed 
recently  by  Desiraju  and  Krishna'^  from  a  study  of 


unsymmetrically  substituted  tolans  with  moderate  dipole 
moments.  Their  results  show  that  these  compounds  are  likely 
to  adopt  chiral  non-planar  conformations  in  the  solid  state, 
which  in  addition.  leads  to  a  high  proportion  of  non- 
centrosymmetric  space  groups.  The  effect  of  the  free 
rotational  distortion  of  the  diary lacetylene  backbone  on  the 
molecular  hyperpolarizability  has  been  calculated  by  a 
Finite  Fiel.  .iNDO  method.  The  results,  reported  elsewhere", 
show  that  even  when  the  two  aryl  rings  are  perpendicular  to 
each  other,  the  charge  -  transfer  interaction  is  still 
present,  leading  to  a  molecular  hyperpolarizability  of  half 
the  value  of  the  maximum  obtained  for  a  full  planar 
conformation.  We  can  then  conclude  that  whatever  the 
conformation  of  the  push-pull  tolan  in  the  solid  state,  it 
always  retains  an  appreciable  hyperpolarizability.  We 
measured  the  y9  values  of  our  ten  samples  using  the  EFISH 
technique  .  From  the  results,  we  pointed  out  that  the 
thlomethoxy  (Me-S-)  group  leads  to  a  noticeable  increase  of 
without  loss  of  transparency  in  comparison  with  the 
methoxy  (Me-0-)  group.  We  also  notice  that  the  bromo  (Br) 
substituent,  though  electronegative,  can  allow  a  relativelly 
large  $  and  good  transparency  when  opposed  to  the  cyano  and 
nitro  groups.  The  data  together  with  the  qualitative  SHG 
powder  tests  at  1.06/ira  are  summarized  in  Table  I. 


Table  I.  Qualitative  SHG  powder  tests  at  l.Oe^im,  static  ^(0) 
values  (in  10  esu)  and  maxlomm  electronic  absorption 
(Amax  in  nm  in  CHCl-^)  of  4 , 4 ' -dlarylacetylenes  1. 
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Given  the  broad  range  of  sizes  of  crystalline  particles  in 
the  samples,  and  possible  preferential  orientation,  the 
powder  test  were  not  quantified:  +  denotes  a  signal 
comparable  to  or  a  few  times  greater  than  that  of  urea, 
whereas  -m-  and  -M-t-  refer  to  one  order  and  two  orders  of 
magnitudes  greater  signal  respectively.  0  denotes  no 
detectable  SHG  signal. 

In  summary,  we  indeed  observed  a  high  proportion  of  non- 
ccntrosymmetric  crystal  structures,  especially  for  compounds 
bearing  weak  donors.  Both  the  methyl  and  one  bromo 
derivatives  are  new.  The  cyano  derivatives  are  colorless  and 
in  this  respect  could  be  interesting  for  blue  light 
frequency  conversion. 

Stilbazolium  derivatives.  Meredith"  and  Harder'^  have 
demonstrated  that  a  variety  of  4-N-methylstilbazolluin  salts 
can  give  rise  to  large  quadratic  nonlinearities,  when 
associated  to  the  correct  anion.  This  was  due  to  the  high 
molecular  hyperpolarizability  of  the  4' -donor  substituted  4- 
N-methyls t i Ibazol ium  cation.  Since  these  materials  are  ionic 
species  the  EFISH  measurement  of  their  hyperpolarizability 
Is  not  possible.  The  only  values  reported  so  far  for  such 
chromophores  come  from  D.  Lupo  et  al.".  These  authors 
determined  values  of  Langmuir  -  Blodgett  monolayers  from 

second  harmonic  generation  measurements  at  1.06  pm.  then 
deduced  the  molecular  ^  values  by  using  an  oriented  gas 
model.  For  example  the  $  value  of  compound  2  is  150  x  10'^° 
esu,  that  is  one  order  of  magnitude  greater  than  p- 
nitroaniline  though  having  almost  the  same  maximum 
absorption  band  (Aroax  -  360nm) .  We  therefore  chose  to 
examine  the  NIAD  properties  of  various  derivatives  bearing 
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the  stilbazollum  chromophore  which  without  being  salts  would 
allow  EFISH  experiments.  This  led  us  to  the  synthesis  of 
zvlterrionic  stilbazolium  alkyl-sulfonate  of  general 
structure  where  the  pyridinium  ring  is  a  powerful 
acceptor  group,  and  SO^  a  covalently  attached  anion  to  the 
pyridinium. 


b:  D-H  ,  n-.3 

c:  .  n-3 


an  optimized  packing  would  b<'  at  least  four  times  more 
efficient  than  la.  that  is  one  order  of  magnitude  over  NPP 
In  order  to  fully  characterize  materials  of  type  1,  we 
undertook  dipole  and  EFISH  measurements,  unfortunatel ly 
compounds  3  are  not  soluble  in  classical  organic  solvents. 
We  then  prepared  a  derivative  Ic.  (1:  D  -  ^10^21'^'’ 

bearing  a  long  alkyl  chain  to  improve  its  solubility.  Ue 
found  that  Ic  has  ^  —  16  Debye  and  0  -  61  x  10  esu  at 
1.32  /im  (in  both  cases  CHCl^  was  the  solvent).  The 
corresponding  static  ^(0>  value,  calculated  by  modelling  the 
dispersion  of  0  for  a  two-level  system  is  0io)-  37*10’^‘^esu 
This  value,  compared  with  those  of  Table  I,  shows  that 
derivatives  of  type  2.  present  a  good  nonl inear i ty- transpency 
trade-off.  Work  is  in  progress  for  the  complete  characteri¬ 
zation  of  3b  ■ 


In  addition,  the  pyridinium- alkylsulfonate  part  acts  as  a 
highly  polar  substituent  placed  independently  of  the  charge 
transfer  system.  This  could  lead  to  an  optimized  crystal 
packing,  as  we  have  shown  recently  in  the  NPAN  material  (N- 
(4-nitrophenyl) -N-methylaminoacetonitrile ]  where  the  cyano 
group  is  the  extra  charge  transfer  substituent^^. 

We  synthesized  several  derivatives  of  type  2  (various  D, 
n-2,3,4)  according  to  known  procedures^®'^^.  All  the 
compounds  showed  satisfactory  elemental  analyses  and  NMR 
spectra.  They  were  screened  for  second  harmonic  generation 
powder  efficiency  at  1.06  and  1,32  ^m.  Among  them  we  found 
two  high  SHG  efficient  compounds  relative  to  their  trans¬ 
parency  range:  2&i2.  I>-SKe,  n-3)  and  D-H,  n-3).  2^  is 

a  yellow  crystalline  material  when  recrystallized  from 
aqueous  ethanol,  which  has  a  SHG  powder  efficiency  higher 
than  that  of  NPP,  typically  “  250  times  that  of  a  urea 

reference,  whereas  ^  is  nearly  white  and  has  a  higher  SHG 
efficiency  than  that  of  POM  («  15  times  that  of  urea) .  It  is 
to  be  noticed  that  stilbazollum  salts  bearing  a  thiomethoxy 
group  were  all  previously  reported  as  SHG  inefficient'^. 

The  UV-vlslbie  spectra  data  showed  that  Ja  has  a  band 
centered  at  398nm  In  ethanol  <c-30000  M'^cm"')  whereas  2h 

Is  more  transparent  with  Amax  -  350nm  («-  20000  M''cm'')  in 
the  same  solvent.  The  cutt-off  are  at  A90nm  for  2Si  and 
AOSnm  for  ife  respectively,  the  latter  value  making  3b 
interesting  for  blue  light  emission. 

The  crystal  structure  of  2^  was  determined  to  find  the 
orientation  of  the  molecules  in  the  lattice.  The  compound 
crystallizes  In  the  aonocllnlc,  class  2,  non-centrosymmetrlc 
space  group  P2i,  The  detailed  stucture,  which  confirms  Che 
presence  of  one  molecule  of  water  per  nonlinear  molecule  as 
shown  by  elemental  analysis,  will  be  published  in  a 
forthcoming  paper.  The  structure  consists  of  only  one 
conformation  and  the  stilbazollum  conjugated  system  is 
nearly  flat  (fig.l  shows  an  ORTEP  of  3a) -  "Fh®  propane- 
sulfonate  substituent  makes  an  angle  of  37.6*  with  the  mean 
plane  of  the  stilbazollum  part  (fig.l). 


Figure  1:  ORTEP  of  ^  and  scheme  showing  the  angle  between 
the  charge  transfer  axis  and  the  N-alkylsulfonate  part. 


he  packing  is  interesting  in  that  the  molecules  are 
ositioned  head  to  tail  in  zig-zag  along  the  twofold  b  axis, 
he  angle  between  the  charge- transfer  (CT)  axis  (ie:  S  -N 
xis  in  figure  1)  and  the  b  axis  is  73.5*,  thus  not  actually 
ptimized  as  for  NPP^,  since  the  optimal  orientation  between 
he  (H"  axis  and  b  axis  in  the  P2i  space  group  is  54.7"'*. 
his  means  that  a  4-aikylthiostilbazolium  derivative  having 


Conclusion 

We  have  studied  the  molecular  nonlinearity  of  4,4- 

disubs  tituted-  diary  lace  Cylene  derivatives ,  and  evidenced 
their  propensity  to  get  a  non-centrosymmetrical  crystal 
packing.  We  have  found  that  two  zwiterrionic  stilbazollum 
propanesulfonate  derivatives  possess  a  large  powder  second 
harmonic  generation,  relatively  to  their  transparency  range. 
These  later  compounds  have  high  molecular  hyperpolarizabi - 
lity  and  large  permanent  dipole  moments,  which  make  them 
potentially  useful  for  inclusion  in  polymer  matrices 

followed  by  orientation  of  the  chromophore  by  electrical 
poling. 
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Introduction 

The  study  of  poled  polymers  is  an  active  area 
of  research  because  of  the  potential  for  large 
nonlinear  optical  coefficients,  ease  of 
fabrication,  and  high  optical  quality  afforded  by 
these  polymers.  Organic  molecules  with  delocalized 
Jt-electronic  structures  and  large  charge-transfer 
resonances  are  known  to  be  capable  of  having  very 
large  molecular  hyperpolarizabilities.  Materials 
with  second-order  nonlinear  optical  properties, 
suitable  for  nonlinear  optical  and  electro-optic 
devices,  can  be  prepared  by  incorporating  organic 
molecules  either  in  side-chain  or  in  cross-linked 
polymer  networks.  Dipolar  orientation  has  been 
induced  by  electric  field  poling  of  these  systems 
(1,2,3).  To  obtain  large  nonlinear  coefficients, 
the  desired  polymers  should  1)  have  a  large  number 
density  of  nonlinearly  active  organic  components, 
2)  contain  molecules  with  large  molecular  dipole 
moment  and  hyperpolarizability  product  (Up),  and  3) 
be  able  to  substain  large  electric  poling  fields  to 
maximize  orientation  of  nonlinearly  active 
components.  Of  practical  importance  is  the  ability 
to  form  good  films  of  the  desired  polymers,  since 
device  applications  will  most  likely  utilize  the 
polymers  in  thin  film  configuration.  To  satisfy 
requirements  1  and  2  for  side-chain  polymers,  one 
would  like  to  have  homopolymers  containing  pendent 
nonlinearly  active  molecules  with  large  nP.  Such 
molecules  are  derived  from  the  use  of  strong  donor 
and  acceptor  moieties  attached  to  a  conjugated  it- 
electronic  system;  these  molecules  are  generally 
highly  colored  (4,5).  The  good  electron¬ 
transferring  ability  of  these  molecules  and  their 
deep  colors  make  homopolymerization  of  derivatives 
containing  nonlinearly  active  compounds  difficult 
either  by  radical  initiation  or  photolysis.  The 
highly  polar  nature  of  these  molecules  may  result 
in  poor  solubility  of  the  homopolymers  which  makes 
casting  of  films  from  solution  difficult  or 
impossible.  Better  temporal  stability  has  been 
observed  for  cross-linked  polymer  networks  than  for 
side-chain  polymers (2 , 3 ) .  However,  solubility 
problems  prevent  spin  casting  of  these  polymers 
from  solution. 

Our  approach  to  preparing  polymeric  films 
suitable  for  NLO  applications  is  initially  to 
prepare  a  film  from  a  solution  containing  a 
prepolymer  with  active  pendant  groups  and  a  non¬ 
linear  dye,  containing  complementary  reactive 
groups  that  can  act  as  a  cross-linking  agent.  The 
prepolymer  must  have  the  ability  to  form  a  film. 
In  order  for  our  approach  to  succeed,  the  dye  must 
be  miscible  with  the  prepolymer  so  that  phase 
separation  does  not  occur  at  high  doping  levels 
when  the  mixture  is  spin  cast.  Once  the  film  is 
formed,  it  is  processed  by  heat  to  generate  the 
final  network.  Due  to  the  improved  temporal 
stability  of  cross-linked  systems,  we  have 
concentrated  our  efforts  toward  the  use  of  dyes 
containing  more  than  one  reactive  group. 


Preparation  of  Prepolymers. 

We  have  prepared  homopolymers  of  isocyanato- 
ethyl  methacrylate,  and  isocyanacostyrene .  Polyiso- 
cyanatoethyl  methacrylate  was  prepared  by  free 
radical  polymerization  of  isocyanatoethy 1  methacry¬ 
late  using  a,a ' -azobis ( isobutyronit rile )  initiator 
in  THF  to  give  the  desired  polymers  with  Mw(ave)  of 
4,900  to  24,000.  Polyisocyanatostyrene  was 
prepared  similarly  by  free  radical  polymerization 
in  toluene  of  isocyanatostyrene,  which  had  been 
prepared  from  the  reaction  of  p-aminostyrene*HCl 
with  phosgene.  The  Mw(ave)  of  the  polyisocyanato¬ 
styrene  was  3550.  We  have  also  prepared  copolymers 
of  styrene/isocyanatostyrene  and  methyr  methacry- 
late/isocyanatoethyl  methacrylate.  These  copoly¬ 
mers  have  Mw(ave)  in  the  range  of  11,550-25,300. 

Prepazation  of  Cross-Linking  Agents 

The  following  cross-linking  agents  have  been 
prepared. 


HO 


The  bis (2-hydroxyethyl) aminopheny 1  derivatives 
(1)  with  nitro,  fluorinated  sulfone,  and  aldehyde 
acceptors  were  prepared  from  the  reaction  of  N,  N- 
diethanolamine  with  the  corresponding  4-acceptor-l- 
f luorobenzene (6) .  Bis (2-hydroxyethyl) aminophenyl 
derivative  with  the  tr icyanoviny 1  acceptor  was 
prepared  from  the  reaction  of  bis (2-hydroxy¬ 
ethyl)  aminobenzene  with  tetracyanoethylene  using  a 
literature  procedure  (I)  . 

The  derivative  containing  the  1-phenyl- 
sulfonylethanol  acceptor  (2)  was  prepared  by 
nucleophilic  substitution  of  fluoride  from  2,2- 
difluoro-1 -phenyl-2- ( 4 -flouro) phenyl sulfonylethanol 
with  (S ) - ( +  ) -2-pyr rolidinemethanol .  Difluoro-1- 
phenyl-2- (4 -flouro) phenylsulfonylethanol  was  pre¬ 
pared  according  to  a  literature  procedure (8) . 

(4- (2-hydroxymethyl-l-pyrrolydinyl)phenyl] - 
(1, 1,2, 2, 3, 3, 4, 4-octaf luoro-5-methyl-5-hydroxy- 
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hexyl] sulfone  (3)  was  similarly  prepared  from  (4- 
(l-fluorophenyl]-(l,i,2,2,3,3,4,4-octafluoro-5- 
met hy 1-5 - hydroxy -he xy 1] sulfone  by  nucleophi lie 
substitution  with  (S) - (+) -2-pyrrolidinemethanol 
The  preparation  of  the  starting  fluoro  compound  is 
shown  below. 


I<CF2)4l 


S(CF2)4l 


S(CF2),I 


n-BuLi 


acetone 


(CFj)  (CH3)  2OH 


(CFj)  ,C  (CH3)  2OH 


CrOi 


S02(CFj),C(CH3)20H 


The  derivatives  containing  the  bis  (2- 
hydroxypropyl) amino  donor  (4,5,6)  were  prepared 
from  the  corresponding  aminobiphenyl,  aminoazo- 
benene,  or  aminostilbene  with  propylene  oxide.  The 
starting  aminobiphenyl  containing  the  fluorinated 
sulfone  acceptor  was  prepared  using  the  palladium- 
catalyzed  cross  coupling  of  ( 4 -trimethyl- 
tin)  phenylperfluoropropyl  sulfone  with  4-bromo- 
bis (W,  W-acetyl) aminobenzene  followed  by  depro- 
t€ction  with  HC1(9) .  The  azo  compound  with  bis(2— 
hydroxypropyl) amino  donor  is  more  soluble  than 
Disperse  Red-19  (which  leads  to  thic)cer  films  (1-2 

m))  ■ 

We  have  also  examined  commercially  available 
materials  including:  Disperse  Red-19,  4-nitrocat- 
echol,  1- (4-nitrophenyl) glycerol,  p-nitrophenyl-a- 
L-arabinofuranoside,  and  4-nitro-l, 2-phenylene- 
diamine . 


Preparation  of  Filina  and  Properties  of  Final 
Polymers 


methyl-l-pyrrol-idinyl) -phenyl ] [1, l-difluoro-2- 
hydroxy-2-phenyl-ethyl ] sulfone  at  150°C  overnight, 
a  polymer  with  a  Tg  of  178°C  was  obtained. 

Corona  poling  of  these  films  can  lead  to 
materials  with  good  orientational  stability  at  SO'C 
for  several  wee)cs.  Poling  conditions  are  important 
for  obtaining  optimum  nonlinearity  and  excellent 
orientational  stability. 

Summary 

Our  approach  for  the  preparation  of  thin  films 
for  NLO  applications  appears  to  be  general; 
incorporation  of  dyes  containing  various  acceptors 
(-NO2, -S02Rf,  -CHO, -C (CN) =C (CN) 2)  into  cross-linked 
polymer  networks  has  been  demonstrated.  Good 
orientational  stability  at  80°C  has  been  achieved. 
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In  order  to  prepare  good  films  with  thick¬ 
nesses  of  1-2  pm,  the  dye  must  be  relatively 
soluble  in  a  solvent  compatible  with  the 
Ptspolymer .  Reaction  must  be  slow  enough  to  avoid 
precipitation  of  the  final  cross-linked  polymers 
before  spin  casting.  We  have  found  THF  to  be  a 
suitable  solvent.  All  of  the  above  cross-linking 
agents  have  been  incorporated  into  films  of  the 
prepolymers  with  the  ratio  of  reactive  group  (-OH 
or  -NH2)  to  active  group  (-NCO)  in  the  range  of 
0.8  to  1  or  higher,  without  phase  separation. 
Monitoring  of  the  reactions  in  the  films  by  IR 
indicates  that  the  intensity  of  the  -NCO  band 
decreases  by  40-92%  after  heating  at  150°C  for  one 
hour.  The  prepolymers  themselves  undergo  little 
reaction  (6-8%)  under  these  conditions.  Slower 
reactions  occur  with  the  dyes  containing  the  propyl 
alcohol  groups.  The  reaction  can  be  catalyzed  by 
the  addition  of  dibutyltin  dilaurate.  Once  cross- 
linking  has  been  completed,  the  films  are  hard  and 
brittle  and  are  not  soluble  in  common  organic 
solvents  (THF,  CHCI3,  DMF,etc.). 

The  Tg  of  cross-linked  films  increases  with 
processing  temperature  and  time.  For  example,  a 
film  formed  from  polyisocyanatoethyl  methacrylate 
and  4-bis (2-hydroxyethyl) aminonitrobenzene  yielded 
a  polymer  with  a  Tg  of  135°C  after  heating  the 
film  at  150°C  for  1  hour.  The  Tg  increased  to 
leO'C  after  heating  the  film  further  at  180°C  for  1 
hour.  After  heating  a  film  formed  from 
polyisocyanatoethyl  methacrylate  and  (4- (2-hydroxy- 
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Introduction 

Practical  second-order  nonlinear  optical  (NLO)  materials 
require  many  properties  in  addition  to  large  nonlinear 
susceptibility  (x®').  among  these;  ability  to  form  thin  films, 
low  dielectric  constant,  negligible  scattering  and  absorption  of 
propagated  light,  chemical,  photochemical,  and  thermal  stability, 
etc.  Organic  materials  may  be  successful  in  this  area  because 
they  can  possess  very  large  values,'^  and  their  material 
properties  can  be  tailored  to  meet  the  demands  of  the  desired 
application  using  well-developed  synthetic  techniques. 

In  organic  molecules,  large  molecular  hyperpolarizabilities, 
p,  are  usually  obtained  with  an  extended  jc-conjugated  system 
substituted  at  the  extremes  by  electron-donating  and  electron- 
accepting  groups.  Sulfonyl  acceptor  groups  are  particularly 
advantageous  because  (unlike  well-studied  nitro  and  cyano  groups) 
their  bifunctionality  allows  for  chemical  substitution  at  the 
second  valence.  This  synthetic  flexibility  permits  the 
incorporation  of  NLO-active  species  into  a  number  of  different 
material  embodiments. 

We  have  demonstrated  in  model  systems  that  sulfonyl- 
substituted  compounds  can  possess  relatively  large 
hyperpolarizabilities,  accompanied  by  significantly  shon 
wavelength  absorbances.'*  In  this  preprint,  we  present  some 
aspects  of  our  efforts  to  produce  polymers  that  contain 
covalently-bound,  sulfone-substituted  NLO  chromophores. 


Side-Chain  NLO  Polymers 

We  have  synthesized  a  number  of  homopolymers  and  copolymers 
that  contain  pendant  4'-amino-4-methylsulfonyl-azobenzene  or 
-stilbene  chromophores  (Figure  1).  Key  in  the  synthesis  is  the 
ability  to  functionalize  the  sulfur  atom  to  produce  arbitrarily- 
substituted  acceptor  portions  of  the  NLO  dyes  (Figure  2).  A 
convergent  strategy  in  which  the  donor  and  acceptor  portions  are 
later  joined  (Figure  3)  allows  for  the  "mixing  and  matching”  of 
components  to  provide  many  different  compounds  from  a  common  pool 
of  intermediates. 

High  polymers  were  readily  obtained  from  methacrylate  esters 
of  the  sulfonyl-NLO  dyes  via  free-radical  polymerization.  Both 
homopolymers  and  copolymers  with  conventional  monomers  were  ob¬ 
tained  (Table  1).  The  copolymers  appear  to  be  random  because 
size  exclusion  chromatography  (SEC)  using  differential  refractive 
index  and  visible  absorption  detectors  gave  identical  MW 
distributions.  All  of  these  side-chain  sulfonyl-containing 
polymers  were  amorphous  solids,  in  contrast  to  two  analogous 
nitro-containing  polymers  that  exhibited  liquid  crystallinity.’ 

(Although  liquid  crystalline  polymers  possess  desirable  order, 
grain  boundaries  often  lead  to  an  unacceptably  large  amount  of 
light  scattering  in  waveguide  applications.)  As  noted  by  us’  and 
by  others,*-’  sdlbene-containing  polymers  crosslinked  slightly 
when  the  concentration  of  monomeric  dye  was  high. 

High  optical  quality  waveguides  could  be  fabricated  by  spin¬ 
coating  these  polymers  from  solution.  The  only  optical  losses 
appeared  to  come  from  adventitious  contaminants  such  as  dust 
particles.  The  polymers  were  coated  onto  conductive  substrates 
and  poled  at  Tg  using  either  a  second  electrode  deposited  on  the 
polymer  surface  or  a  corona  discharge.  Typical  poling  fields 
were  approximately  10*  v/cm.  After  cooling  to  room  temperature 
with  the  field  on,  second-order  NLO  susceptibilities  were 
measured  at  632  nm  by  an  ellipsometric  technique*  and  at  830  nm 
by  construction  of  a  Mach-Zender  interferometer.  Relatively 
large  electrooptic  coefficients  were  found  (Table  1),  although  it 
should  be  noted  that  the  coefficients  for  azobenzene  derivatives 
measured  at  632  nm  were  subject  to  resonance  enhancement  (factor 
of  2-3)  because  to  slight  absorption  by  the  chromophore. 


Figure  1.  Side-chain  NLO  polymers. 
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Table  1.  Propenics  of  side-chain  NLO  polymers. 


Polymer 

X 

z 

R 

m/n 

Comon. 

a 

Kr~ 

w 

X  b 
g 

(*C)  733^  (pm/v) 

1 

N 

2 

CH3  1/0 

— 

46,000 

140 

— 

2 

N 

6 

CH3  1/0 

— 

89,000 

99 

38.7,*^  12^ 

3 

N 

6 

CH3  1/5 

MM// 

92,000 

109 

12.9*^ 

4 

CH 

6 

H 

1/9 

t-Bu  Stk 

177,000 

127 

2.(A 

S 

CH 

6 

H 

1/13 

MM// 

111,000 

109 

— 

^By  SEC,  PS  sids.  ^By  DSC.  ^lectrooptic  coeff.  ^Ai  632  nm  via 
eIiipsomca7.  ^Ai  830  nm  using  a  Mach-Zendcr  inicrfcromeicr. 
/Meibyl  methacrylate.  ^4-f-Buiyl  styrene. 


Figure  2.  Synthesis  of  acceptor  ponions  of  NLO  dyes. 
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Figure  3.  Synthesis  of  side-chain  monomeric  NLO  dyes. 


Langmuir-Blodgett  Polymers 

By  a  synthetic  route  analogous  to  that  shown  in  Figure  2  and 
3,  we  constructed  side-chain  polymers  with  long,  nonpolar  groups 
on  the  sulfone  and  polar  spacer  groups  between  the  nitrogen  donor 
and  the  polymer  backbone  (Figure  4). 

These  amphiphilic  polymers  formed  excellent  Langmuir 
monolayers  when  cast  on  water  (Figure  4),  and  the  films  could  be 


78 


tnuisfemed  to  solid  supports.*  By  alternating  deposition  with 
cadmium  arichidate,  multilayer  noncentrosymmetric  films  were 
produced,  in  which  the  expected  quadratic  dependence  of  SHG 
intensity  vs.  thickness  was  found  even  for  many  layers  (Figure 
5).*  The  SHG  signals  from  these  LB  films  remained  unchanged  even 
after  weeks  of  storage  at  room  temperature. 


long-range  motion  above  Tg  that  causes  the  SHG  decay  (I'igure 

8)."  This  high  temperature  relaxation  was  absent  in  related 
side-chain  and  doped  systems. 

Figure  7.  Polycondensation  to  form  NLO  main-chain  polymers. 
0  0 


Figure  4.  Amphiphilic  NLO  polymer  6  and  its  surface  pressure- 
area  isotherm  on  a  Ckl^*-containing  subphase. 


6 


Figure  5.  SHG  intensity  as  a  function  of  the  number  of  layers  of 
6  alternated  with  cadmium  arichidate. 
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Main-Chain  Polymers 

By  substituting  the  sulfone  with  an  hydroxyl-bearing  group 
and  the  nitrogen  donor  with  an  ester-bearing  group,  “AB-type” 
condensation  monomers  were  prepared.  The  acceptor  portion  could 
be  synthesized  analogous  to  the  method  shown  in  Figure  2,  but  for 
3-hydroxypropyl  derivatives,  we  found  that  Michael  Edition  of  4- 
acetamktobenzene  sulfinate  to  methyl  acrylate,  followed  by 
deprotecdon,  and  finally  reduction  of  the  ester  gave  superior 
yields  of  the  desired  sulfone  7  (Figure  6). 

Isoregic  main-chain  NLO  polymers  were  synthesized  simply  by 
headng  the  monomers  in  the  melt  under  vacuum  in  the  presence  of 
a  suitable  catalyst  (Figure  7).‘<’  When  the  flexible  spacer 
between  chromophores  was  long  or  when  a  bulky  side  group  was 
employed,  these  main-chain  polymers  were  amorphous  (Table  2),  and 
could  be  easily  processed  into  opdcally  clear  thin  films. 

After  poling,  the  main<hain  NLO  polymers  displayed 
significantly  better  orientational  stability  below  Tg  compared  to 
side-chain  polymers  containing  the  same  chromophore.  In 
addidon,  simultaneous  SHG  and  TSDC  studies  of  the  main-chain 
polymers  suggested  that  the  relaxation  of  the  poling-induced 
order  is  comprised  of  two  distinct  mechanisms:  a  short-range 
motion  at  Tg  that  leads  to  little  loss  of  SHG  activity  and  a 

Figure  6.  Synthesis  of  4-aminophenyl-(3-hydroxypropyl)sulfone. 


Table  2.  Propenies  of  main-chain  NLO  polymers. 
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Figure  8.  Simultaneous  SHG  and  TSDC  measurements  as  a  function 
of  temperature  on  main-chain  NLO  polymer  10. 
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INTRODUCTION 

A  gradual  enhancement  of  basic  understanding  and  a  cor¬ 
responding  optimization  of  fhe  functional  properties  of  second- 
order  nonlinear  optical  polymers  has  brought  them  closer  fo 
practical  applications  in  a  variety  of  integrated  optoelectronic 
devices,  such  as  modulators  and  harmonic  generators  '  *  A 
wide  range  of  polymer  and  nonlinear  chromophore  combina¬ 
tions  have  by  now  been  evaluated  and  their  structure  and  proc¬ 
essing  correlated  with  the  resultant  magnitude  and  stability  of 
the  poling  induced  macroscopic  nonlinearity.  Numerous  addi¬ 
tional  combinations  of  polymers  and  chromophores  can  be  en¬ 
visioned:  these  systems  may  be  classified  by  application  of  the 
following  general  criteria: 

1)  What  is  the  bonding  relationship  between  polymer  and 
chromophore,  no  bond  (guest-host)  or  covalently  bonded?  If  the 
latter,  is  the  chromophore  attached  as  a  mainchain  or  ridechain 
component?  Exactly  what  is  the  nature  of  the  linking  group  and 
how  many  and  where  are  the  points  of  attachment  between 
chromophore  and  polymer? 

2)  Is  there  any  significant  molecular  weight  change  of  the 
system  during  final  processing,  particularly  during  the  electric 
field  poling  step?  Does  this  change  of  molecular  weight  influ¬ 
ence  processing  or  function  of  the  materials  in  particular  as  re¬ 
lated  to  the  magnitude  and  stability  of  the  poled  order? 

3)  In  addition  to  the  covalent  interactions  among  the  polymer 
and  chromophore  components,  what  other  factors  affect  fhe 
macroscopic  order?  For  example,  does  liquid  crystallinity,  hy¬ 
drogen  bonding  or  some  other  colligalive  interaction  influence 
the  magnitude  and  stability  of  the  polar  order? 

RESULTS 

Most  of  our  own  past  effort  on  the  synthesis  and  charac¬ 
terization  of  NLO  polymers  has  focused  on  epoxy-based  sys- 
tems.'*"^  In  all  cases  we  have  examined  thus  tar  the 
chromophores  are  covalently  bound  to  the  polymer  and  both 
linear  and  crosslinking  systems  have  been  examined.  Amongst 
the  many  opportunities  for  propagation  chemistry  typical  of 
epoxy  resins  we  have  chosen  the  convenient  reaction  between 
aromatic  amines  and  glycidyl  ethers  This  approach  is 
convenient  in  the  sense  that  the  aromatic  amine  serves  a  dual 
role;  first,  it  is  a  useful  donor  In  the  NLO  chromophore  sense 
and  second,  in  the  chemical  sense  it  may  serve  as  both  the 
nucleophile  (-NHR,  primary  or  secondary  aromatic  amine)  and 
also  an  intermediate  for  preparation  of  fhe  glycidyl  ether  com¬ 
ponent.  The  reactivity  of  this  aromatic  amine  and  glycidyl  ether 
pair  is  usually  such  that  the  molecular  weight  advancement  can 
be  staged  to  provide  stable  and  soluble  prepolymers  of  suffi¬ 
cient  molecular  weight  for  film  processing  by  spin  coating,  in 
contrast  to  the  much  more  reactive  formulations  containing 
aliphatic  amines.  The  overall  polymeric  and  nonlinear  proper¬ 
ties  of  these  materials  are  a  complex  function  of  the  exact  na 
ture,  number  and  location  of  the  polarizing  substituents  and 
reactive  sites  appended  to  the  functionalized  aromatic 
chromophores. 


We  have  examined  a  variety  of  potential  chromophores  for 
introduction  into  these  polymers,  but  tentatively  have  focused 
on  utilization  of  the  polar  tolan  (diphenylacetylene) 
chromophore.  The  tolans  have  a  number  of  real  (and  perceived) 
virtues.  There  is  little  ambiguity  in  the  direction  of  the  micro¬ 
scopic  nonlinear  tensor  along  the  director  axis  of  these  polar 
molecules.  The  thermal  stability  of  the  tolan  unit  is  appreciable 
and  at  least  commensurate  with  the  epoxy  backbone  itself.  The 
rigid  tolan  chromophore  has  a  respectable  aspect  ratio  which 
independent  of  the  mode  of  attachment  to  the  polymer  will  deter 
relaxation  of  the  poled  order.  As  a  function  of  fhe  particular 
acceptor  (A)  and  donor  (D)  pair  the  chromophore  and  molecular 
hyperpolarizability  can  be  systematically  varied  over  an  appre¬ 
ciable  range  and  a  wide  variety  of  these  polarizing  pairs  of 
groups  are  readily  introduced  by  virtue  of  the  synthetic  meth¬ 
odology.  The  following  table  contains  data  for  some  of  the  tolan 
chromophores  prepared  and  studied  to  date: 
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The  /?#  is  a  two-level  correction  to  /?  (1  06)  both  in  units  of  10  “esu;  ail 
measurements  in  dioxane  except  *  in  acetone  (ref  18) 

The  sulfone  acceptor  group  has  found  recent  application  in 
a  variety  of  NLO  polymer  structures  since  this  group  seems  to 
provide  a  good  hyperpolarizability  vs.  transparency  tradeoff 
and  is  bifunclional  to  permit  "building  Ihrough"  the 
chromophore.®  "  Like  the  nitro  group  (-NOj),  the  alkyl  sulfone, 
perfluoroalkyl  sulfone,  bisaryl  sulfone  and  other  relatives 
(  -SOjR.  R  =  (CH,)„H,  Ar.  OR.  NR'R',  efc.)  are  well 

known  electron-accepting  groups  from  powder  screening  of 
single  crystal  SHG  candidates. The  large  positive  Hammett 
a  constants'®  for  these  substituents  containing  the  -SO,R  group 
are.  of  course,  good  indicators  of  their  potential  value  as 
acceptors.  This  correlation  is  particularly  true  as  the  group  R 
itself  becomes  more  electrophilic  and  further  enhances  the  in¬ 
ductive  effect  of  the  entire  substituent.  For  example,  as  a  func¬ 
tion  of  R,  the  Op  values  for  -SO,R  increase  as  follows:  OH 
(0  50),  NHi  (0  57),  CH,  (0,68),  CFi  (0  93)  (compare  for  the  nitro 
substituent  itself  with  Op  =  0,78) 

The  synthesis  of  the  tolans  is  very  straightforward.  Starting 
with  an  acceptor  group  (A)  activated  bromobenzene  1  the  tran¬ 
sition  metal  mediated  ethynylation  is  done  with  a 
monoprotected  acetylene  and  the  intermediate  2  deprotected 
giving  the  acceptor  substituted  phenylacetylene  3.  This 
phenylacetylene  is  then  reacted  with  iodoaniline  ^  or  its 
bisglycidylether  ^  to  give  ^  or  5b  respectively  The 
bisglycidalion  of  the  either  aromatic  amine  4a  or  5a  is  straight¬ 
forward  in  two  steps  via  epichlorohydrin  Both  the 
bromonitrobenzene  (  1  A  =  WO?)  and  the  methylsullonylbromo- 
benzene  (  1,  A  =  SO^Me)  are  commercially  available  while  the 
pertiuoroalkylsultonyl  analogs  (  1  A  -  .SO.-(CF-)„f )  are  elliciently 


prepared  in  two  steps  from  bromothiophenol  by  reaction  with  a 
perfluoroalkyl  iodide  to  give  sulfide  8  which  is  subsequently 
oxidized  to  give  sulfone  9.  The  different  lengths  of 
perfluorocarbon  tails  (n=  1,2,6,12)  have  been  examined  to  assay 
any  influence  on  important  physical  properties  such  as  nonline¬ 
arity,  dielectric  constant,  refractive  index,  and  perhaps  even  the 
stability  of  poled  order. 

We  have  examined  two  general  classes  of  linear  tolan  con¬ 
taining  polymers.  In  the  first  class  ^  only  the  amine  component 
contains  a  high  nonlinearity  chromophore  which  is  reacted  with 
the  diglycidylether  of  bisphenolA  6  (numerous  other 
bisepoxides  are  obviously  possible).  The  second  class  1j[  have 
a  nearly  doubled  loading  of  nonlinear  chromophores  and  are 
prepared  by  condensalion  of  the  polar  aminonilrotolan  with  is 
dlglycllated  counterpart.  In  both  classes  of  linear  lolans  and 
related  crossiinking  systems  very  interesting  behavior  has  been 
found  in  both  dielectric  and  NLO  studies. 
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A  tremendous  amount  of  interest  surrounds  the  use  of  organic  and  polymeric 
materials  for  advanced  electro-optic  device  and  systems  applications.  The 
appeal  of  organic  compounds  lies  in  the  flexibility  in  which  one  can  tailor  the 
molecular  and  macroscopic  properties  to  achieve  high  activity,  desirable 
mechanical  characteristics,  and  processibility. 


GPC  equipped  with  a  Waters  410  Rl  and  a  Viscotek  Model  100  differential 
viscosity  detector,  and  the  mobile  phase  was  THF.  Molecular  weights  were 
calculated  from  a  Universal  calibration  curve.  Tg  was  determined  on  a  DuPont 
9900-910  Thermal  Analyzer,  Melting  points  were  obtained  on  a  Thomas  Hoover 
Capillary  Melting  Point  Apparatus  and  are  uncorrected.  Elemental  analyses 
were  performed  by  Robertson  Laboratory,  Madison,  NJ. 

Materials;  NMP  was  distilled  from  CaH2  prior  to  use.  Methyl  methacrylate  was 
passed  through  a  styrene/DVB  ion  exchange  resin  to  remove  inhibitor  prior  to 
use.  All  other  reagents  were  used  without  further  purification.  All  reactions 
were  run  under  an  inert  atmosphere  in  oven-dried  glassware. 

Synthesis  of  1-[4-dimethylaminophenyll-4-(4'-nitrophenyl]-1 .3-butadiene 


Numerous  studies  on  the  factors  affecting  the  second  order  response  have 
documented  that  the  nature  of  the  electron  donor  and  acceptor  substituents,  the 
conjugation  length,  and  the  type  of  conduit  all  contribute  to  the  nonlinear  optic 
activity.'*  In  general  activity  increases  with  the  strength  of  the  donor/acceptor 
groups  and  with  increasing  conjugation  length.  To  realize  bulk  second  order 
activity  the  molecular  dipoles  must  be  aligned  non-centrosymmetrically.  Since 
NLO  active  small  molecules  tend  to  crystallize  with  their  dipoles  paired,  resulting 
in  the  loss  of  second  order  properties,  it  is  desirable  to  incorporate  the  active 
units  into  a  polymer  and  orient  the  dipoles  via  an  external  field. 

In  a  logical  extension  of  our  work  with  the  stilbene  sidechain  polymers.^  our 
attention  turned  to  increasing  the  length  of  the  conduit  between  the  donor  and 
acceptor  groups  since  it  is  known  that  increasing  the  conjugation  length  increases 
the  second  order  hyperpolarizability  In  a  direct  analogy  to  DANS  (A).  1-(4- 
dimethylaminophenyl]-4-(4'-nitrophenyl]-l, 3-butadiene  (DMANPB)  (B)  was 
synthesized  as  model  compound  in  order  to  demonstrate  the  concept  and  to 
provide  a  straightforward  comparison  with  the  stilbene.  Solvatochromism 
measurements  lor  DMANPB  gave  a  p  value  of  121  x  10-30  esu,  which 
represents  approximately  a  70%  increase  in  activity  over  DANS  as  a  result  of 
increased  conjugation  length.3  EFISH  measurements  of  DMANPB  vs.  DANS 
appear  to  be  solvent  dependent.  In  nitromethane  DMANPB  shows  a  slight 
increase  in  activity  relative  to  DANS  with  a  value  for  p  x  p  =  500  x  10-48  esu 
vs.  470  X  10-48  esu  for  DANS.  However,  in  cyclohexanone  |i  x  p=  327  x  10-48 
esu  for  DMANPB  and  436  x  10-48  esu  for  DANS.^  The  lower  activity  of 
DMANPB  compared  to  DANS  is  at  odds  with  solvatochromism  data  but  is  not 
inconsistent  with  the  EFISH  observations  of  other  researchers.  *t>.c 
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The  diphenylbutadiene  moiety  was  incorporated  into  a  polymethacrylate  system 
via  the  multistep  sequence  in  Figure  1  in  order  to  evaluate  the  material's  poling 
characteristics  and  device-worthiness.  Equimolar  amounts  of  the  monomer  C,  1- 
4[N-2-methacryloxyethyl-N-methylamino]phenyl-4[4'-nitrophenyl]-1 ,3-butadiene, 
and  methyl  methacrylate  were  copolymerized  under  radical  polymerization 
conditions  to  provide  copolymer  1  of  low  molecular  weight  (Mw=25,000)  and  a  Tg 
=  123°C.  A  thin  film  of  the  material  spun  out  of  cyclohexanone  was  electroded 
and  poled  at  low  fields  near  Tg  and  exhibited  an  electro-optic  coefficient,  r,  25% 
greater  than  that  for  copolymer  2  (Figure  2).  The  magnitude  of  the  increase  m 
activity  is  in  close  agreement  with  guest-host  measurements  of  r  for  the 
monomer  C  and  the  stilbene  monomer  D  as  shown  in  Table  1 ,5 

Experimental  Procedure 

Instrumentation:  NMR  spectra  were  obtained  on  either  a  Varian  XL200  or  a 
Bruker  MSL300  spectrometer,  and  chemical  shifts  were  reported  in  ppm 
downfield  relative  to  TMS.  All  NMR  samples  were  solutioned  in  CDCI3  unless 
noted  othenxfise.  Polymer  molecular  weights  were  determined  on  a  Waters  201 


To  a  stirred  solution  of  1 .0  g  (5.7  mmol)  of  4-  dimethylaminodnnamaldehyde,  0.52 
mL  (5.7  mmol)  of  aniline,  and  10  mg  of  toluenesulfonic  acid  monohydrate  in  40  mL 
of  toluene  was  heated  at  reflux  for  16  hours  with  the  azeotropic  removal  of 
water.  After  cooling  the  reaction  to  room  temperature,  the  solvent  was  removed 
in  vacuo.  The  residue  was  dissolved  in  35  mL  of  glacial  acetic  acid,  and  1 .03  g 
(5.7  mmol)  of  4-nitrophenylacetic  acid  was  added  to  the  solution  with  stirring. 
The  reaction  was  then  stirred  at  room  temperature  for  16  hours  and  at  SOX  for 
96  hours.  After  cooling  to  room  temperature  the  solution  was  poured  into  water, 
and  the  solid  product  was  collected  by  filtration,  washed  with  water  and  ether, 
and  vacuum  dried.  The  reaction  yielded  0.93  g  (55%)  of  product  as  copper 
crystals,  mp  =  246-247°C.  1HNMR  2.98  (s,  6H),  6,56  (d,  1H),  6  67  (d,  2H),  6.75 
(d,  1H),  7.08  (dd,  2H),  7  32  (d.  2H),  748  (d.  2H),  8.14  (d,  2H). 

Synthesis  of  copolymer  1 : 

1  -4[N-2-hydroxyethyl-N-methylaminolphenyl-4-[4'-  nitrophenyl]-1 ,3-butadiene 

A  stirred  solution  ot  20  g  (96  mmol)  ot  4[N-2-hydroxyethyl-  N- 
methylaminolcinnamaldehyde,  8  8  mL  (96  mmol)  of  aniline,  and  0.2  g  of 
toluenesulfonic  acid  monohydrate  in  600  mL  of  toluene  was  heated  at  reflux  with 
the  azeotropic  removal  of  water  for  16  hours.  After  cooling  to  room 
temperature,  the  imine  product  was  collected  by  filtration  and  washed  with 
additional  portions  of  toluene. 

The  crystalline  imine  was  then  dissolved  in  590  mL  of  glacial  acetic  add,  and  17.6 
g  (96  mmol)  of  4-  nitrophenylacetic  acid  was  added  to  solution  with  stirring.  The 
reaction  was  stirred  at  room  temperature  for  2  days  and  at  50°C  for  5  days. 
After  cooling  to  room  temperature  the  solution  was  poured  into  2500  mL  of 
water,  and  the  solid  product  was  collected  by  filtration.  Recrystallization  from 
methanol  gave  12.61  g  ot  a  mixture  of  diphenylbutadiene  alcohol  and 
diphenylbutadiene  acetate. 

The  above  acetate/alcohol  mixture  was  dissolved  in  260  mL  of  THF.  To  the 
stirring  solution  were  added  260  mL  of  water,  260  mL  of  methanol,  and  9.8  g  of 
potassium  carbonate,  and  the  reaction  was  stirred  at  room  temperature 
overnight.  As  the  reaction  progressed  the  product  precipitated  from  the  solution 
Upon  completion  ot  the  reaction  the  product  was  collected  by  vacuum  filtration, 
and  recrystallized  from  methanol  to  give  9.12  g  of  a  brown  solid.  1H  NMR  3  05 
(s,  3H),  3  55  (1,  2H),  3.85  (t,  2H),  6.60  (d,  1H),  6.70  (d,  2H),  6.75  (d,  1H),  7.10 
(dd.  2H),  7.35  (d.  2H),  7.50  (d,  2H),  8.16  (d,  2H).  Calculated  for  CigHjoNjOs:  C, 
70.3,  H,  62,  N,  8.6;  0, 14,8.  Found:  C,  69.1 1 ;  H,  626;  N,  8.31 ;  0, 14.73. 

1-4[N-2-methacrytoxyethyl-N-methylamino]phenyl-4(4'-  nitropheny1]-l, 3-butadiene 
(structure  C,  figure  1) 

To  a  stirred  solution  of  8.77  g  (27  0  mmol)  of  1-4[4-N-  hydroxyethyl-N- 
methylamino)phenyl-4[4'-nitrophenyl]-l,3-  butadiene  in  266  mL  of  pyridine  were 
added  8.04  mL  (54.0  mmol)  of  methacrylic  anhydride  and  180  mg  of  DMAP 
After  16  hours  at  room  temperature,  the  reaction  mixture  was  poured  into  1  L  of 
water,  and  the  solid  monomer  was  collected  by  filtration.  The  product  was  then 
stirred  in  600  mL  of  water  for  2  hours,  and  the  product  was  again  isolated  by 
vacuum  filtration  Recrystallization  from  ethyl  acetate  gave  7.79  g  of  the 
monomer  as  a  red  solid,  mp  =  146-150°C.  1H  NMR  1.92  (s,  3H),  3.05  (s,  3H), 
3  69  (t,  2H),  4.34  (t.  2H),  5  56  (d,  1H),  6.17  (d,  1H),  6.59  (d,  1H),  6.72  (d,  2H),  6.82 
(d.  1H),  7.10  (dd,  2H),  7.36  (d,  2H),  7.5  (d,  2H),8.16(d,  2H). 


Copolymer  1 

A  solution  of  6  g  of  the  comonomer  C  in  72  mL  of  dry,  distilled  NMP  was 
degassed  with  argon  for  45  minutes  at  room  temperature.  This  was  followed  by 
the  addition  of  1.62  mL  of  methyl  methacrylate  and  argon  degassing  for  30 
minutes.  Finally  0.05  g  of  AIBN  as  an  initiator  was  added,  the  solution  was 
degassed  with  argon  for  5  minutes  more,  and  the  reaction  vessel  was  placed  in 
an  oil  bath  heated  at  68°C.  After  2  days  at  68°C,  some  monomer  remained,  and 
an  additional  0.05  g  of  AIBN  was  added.  The  polymeriTation  proceeded  no  further 
so  the  solution  was  precipitated  into  MeOH.  The  polymer  was  dissolved  in  hot 
THF,  and  MeOH  was  added  dropwise  with  stirring  until  the  solution  went  cloudy. 
The  solids  were  collected  by  filtration,  and  the  process  was  repeated.  The 
material  was  then  dissolved  in  ethyl  acetate,  and  MeOH  was  added  dropwise 
until  the  solution  again  became  cloudy.  The  polymer  was  collected  by  filtration. 
1.76  g  (This  is  the  result  of  the  combination  of  material  in  the  precipitation  step 
from  two  equal  size  runs.)  Tg  =  123°C;  Mw  =  25,000  and  Mn  =  14,000. 
Calculated  for  CzaH^NzOe:  C.  6828;  H.  6.55;  N.  5.69;  0, 19.49.  Found;  C,  68.20; 
H.  6.52;  N.  5.87;  0,19.39. 

Acknowledgments:  We  wish  to  thank  Jim  Sounik  and  Jackie  Popolo  for  the 
oolymer  thin  films  used  in  the  poling  studies  and  the  analytical  department  for  the 
diaracterization  of  the  materials.  We  also  want  to  thank  P.  Kalyanaraman  for 
supplying  us  with  the  starting  aldehyde. 

References 

(1)  Some  examples:  (a)  Leslie,  T.  M.;  DeMartino,  R.  N.;  Choe,  E.  W.;  Khanarian, 

G. ;  Haas.  D.;  Nelson,  G.;  Stamatoff,  J.  B.;  Stuetz,  D.  E.;  Teng,  C.  C.;  Yoon, 

H.  N.  Mol.  Crysf.  Liq.  Crysf.  1987, 153,  451.  (b)  Singer.  K.  D.,  et  al.  J.  Opt. 
Soc.  Am.  1989, 6, 1339.  (c)  Sohn,  J.  E.,  et  al.  in  Nonlinear  Optical  Effects  in 
Organic  Polymers;  Messier,  J.  et  al.,  Eds.;  Kluwer  Academic  Publishers, 
1989;  291-297.  For  general  reference  see  Nonlinear  Optical  Properties  of 
Organic  and  Polymeric  Materials;  Williams,  D.  J..  Ed.;  ACS  Symposium 
Series  233,  1983.  and  .Nonlinear  Optical  Properties  of  Organic  Molecules 
and  Crystals  Vols.  1  and  2;  Chemla,  D.  S.  and  Zyss,  J.,  Eds.;  Academic 
Press,  Inc.,  1986. 

2)  DeMartino.  R.  N.  and  Yoon,  H.  N.,  U.  S.  Pat.  4865430  (1989).  DeMartino,  R. 
N.  and  Yoon,  H,  N.,  U.  S.  Pat.  4808332  (1989). 

3)  Buckley,  A.,  et  al.  Polymeric  Materials  Science  &  Engineering  Proceedings  of 
the  ACS  Division  of  Polymeric  Materials;  Science  &  Engineering  1986,  54, 
502 

4)  Measurements  are  made  at  1 .34  microns,  and  the  values  are  corrected  for 
resonance  enhancement. 
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polymethylmethacrylate  and  spun  into  thin  films. 
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ABSTRACT:  As  a  result  of  the  developments  in 

organometallic  chemistry,  new  catalysts  are  available  for 
the  synthesis  of  polymers  with  high  levels  of  control  of 
structure.  Outstanding  success  has  been  achieved  in  the 
area  of  Ziegler  catalysis  for  polyolefin  synthesis.  Parallel 
developments  have  been  made  in  ring  opening 
metathesis  polymerization  (ROMP).l  Some  developments 
in  this  area  will  be  reviewed. 


SYNTHESIS  OF  POLYACETYLENE 

Over  the  past  few  years  we  have  demonstrated  that 
cyclooctatetraene  (COT)  can  be  polymerized  using  ROMP2 
(ring  opening  metathesis  polymerization)  catalysts  to 
form  excellent  quality  polyacetylene.  These  techniques 
have  been  used  to  prepare  polyacetylene  based 
devices. 3. 4  A  major  emphasis  has  been  placed  on  the 
synthesis  of  substituted  polyacetylenes  that  have 
controllable  properties.  The  factors  that  control 
solubility,  conductivity  and  optical  properties  in  these 
systems  have  been  examined  and  modeled.  To  date,  the 
major  substituent  effects  that  have  been  probed  are 
associated  with  the  steric  effects  of  the  substituents  on 
the  polymer  chain  conformation.^  Random  copolymers 
were  prepared  to  study  the  effect  of  conjugation  length 
on  conductivity  and  block  polymers  were  prepared  to 
examine  the  effects  of  phase  separation  on  conductivity 
and  optical  properties. 

SUBSTITUTED  POLYACETYLENES 

The  polymerization  of  monosubstituted  COT 
derivatives  produces  polymers  with  substituents  that  arc 
on  the  average  every  eight  carbons  apart  on  the  PA 
backbone.  It  has  been  found  that  primary  alkyl 
substituents  produce  cis-PA  that  is  soluble.  However 
photoisomerization  to  the  trans  isomer  results  in 


insoluble  material.  This  material  displays  many  of  the 
characteristics  of  the  parent  system.  Substituents  that 
bear  a  secondary  substituent  adjacent  to  the  chain 
produce  polymers  that  are  soluble  in  both  isomeric  forms 
and  show  moderate  conductivities  on  doping  with  iodine. 
Tertiary  substituents  give  highly  soluble  polymers  that 
show  very  low  conductivities  on  iodine  doping.  Modeling 
studies  show  that  solubility  and  conductivity  ate  both 
related  to  the  degree  of  twisting  induced  by  the 
substituent.^  The  greater  the  twist  angle,  the  higher  the 
solubility  in  the  trans  form  and  the  lower  the 
conductivity  on  doping.  The  full  range  of  substituents 
that  should  result  in  changes  due  to  steric  effects  has 
been  explored.  Of  major  interest  are  chiral  substituents. 
Chiral  substituents  could  increase  solubility  by  producing 
stereo  random  polymers  or,  if  the  substituents  are 
enantiomerically  pure,  the  substituents  could  induce  a 
helical  twist  to  the  conjugated  backbone.  This  effect  has 
been  examined  using  the  following  set  of  substituents. 
The  amount  of  helical  chromophore  formation  appears  to 
be  significant.® 
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The  photoisomerization  of  the  high  cis  polymers  is 
of  considerable  theoretical  as  well  as  practical  interest. 
The  cis  polymer  isomerizes  to  the  trans  with  an  isobestic 
point.  This  shows  that  the  polymer  isomerizes  without 
the  formation  of  stable  intermediates  and  is  consistent 
with  the  excited  state  of  the  cis  polymer  relaxing  to  an 
isomerized  segment  of  polymer  that  is  the  ultimate 
conjugation  length. 

Only  preliminary  results  have  been  obtained  with 
substituents  that  should  result  in  large  polar  effects  on 


the  polyCOT  propcTties.  It  has  been  found  that  alkoxy 
derivalives  of  COT  are  straightforward  to  prepare  and  can 
t)C  polymerized  to  high  molecular  weight  materials.  The 
conductivities  of  these  materials  are  low. 

An  electrochemical  application  in  which  soluble 
poly-COT  materials  may  be  used  to  great  advantage  is 
the  fabrication  of  semiconductor  based  devices.  The  ease 
with  which  semiconductor  surfaces  can  be  coated  with 
soluble  polyacetylene  contrasts  the  more  technically 
challenging  methods  of  film  preparation  used  presently. 
We  have  already  reported  on  the  fabrication  of  solar  cells 
from  the  solvent  deposition  of  poly-trimethylsilyl-COT 
onto  silicon  surfaces.  After  doping  of  the  thin  polymer 
layer  to  the  metallic  regime,  a  solar  cell  results,  whose 
performance  rivals  that  of  conventional 
semiconductor/metal  solar  cell  devices.'*  These  devices 
bold  great  promise,  and  continue  to  be  studied.  The 
advantage  of  poly-COT  materials  may  be  further 
demonstrated  in  cases  where  polar  substituents 
significantly  alter  the  work  function  of  the  doped 
polymer,  thus  effecting  the  solar  cell  (terformance.  In 
this  way,  it  may  be  possible  to  optimize  cell  performance 
by  tuning  the  organic,  metal.  This  is  not  possible  for 
traditional  semiconductor/metal  systems. 

It  was  earlier  demonstrated  that  the 
copolymerization  of  cyclooctadiene  and  COT  resulted  in  a 
polymer  whose  composition  was  near  that  of  the  feed 
ratio.  Independent  measurements  of  reactivity  ratios 
suggested  that  the  polymerization  was  nearly  random. 
Since  the  introduction  of  a  cyclooctadiene  into  the  chain 
introduces  an  sp^  defect,  the  probability  of  forming  a 
given  conjugation  length  with  a  specific  feed  ratio  can  be 
calculated.  Preliminary  measurements  were  made  of  the 
conductivity  and  doping  levels  as  a  function  of  the 
copolymer  feed.'^ 

As  has  been  shown  in  the  styrene-butadiene 
triblock  polymers,  the  periodicity  of  the  morphological 
features  is  controlled  by  the  regularity  of  the  polymer 
Structure.  For  the  synthesis  of  new  materials  with 
interesting  macrostructures  new  techniques  are  required 
that  will  allow  the  synthesis  of  triblock  polymers  with 
nearly  monodispersed  blocks  of  controlled  length.  One 
such  system  has  been  studied  The  synthesis  of  this 
material  is  based  on  a  difunctional  initiator.  The 
difunctional  initiator  insures  that  the  block  segments  are 
uniform. 8 


References 

(1)  R.H.  Grubbs  and  W.  Tumas,  Science  1989,  243,  907- 
915. 

(2)  F.L.  Klavetter  and  R.H.  Grubbs,  /.  Am.  Chem.  Soc. 
1988,  no.  7809-7813. 

(3)  D.V.  McGrath,  B.M.  Novak,  and  R.H.  Grubbs,  in  Olefin 
Metathesis  and  Polym  rization  Catalysts,  Y. 
Imamoglu,  Ed.,  Kluwer  Academic  Publishers:  the 
Netherlands,  525-536  (1990). 

(4)  R.H.  Grubbs,  C.B.  Gorman,  E.J.  Ginsburg,  J.W.  Perry, 
S.R.  Marder,  in  Materials  for  Nonlinear  Optics,  S.R. 
Marder,  J.E.  Sohn,  G.D.  Stucky,  Eds,  American 
Chemical  Society:  Washington  D.C.,  pp.  672-682 
(1991). 

(5)  C.B.  Gorman,  E.J.  Ginsburg,  S.R.  Marder,  R.H.  Grubbs, 
Angew.  Chemie  1989,  101,  1603-1606. 

(6)  J.S.  Moore,  C.B.  Gorman,  R.H.  Grubbs,  J.  Am.  Chem. 
Soc.  1991,  1 13,  1704-1712. 

(7)  S.R.  Marder,  J.W.  Perry,  F.L.  Klavetter,  R.H.  Grubbs, 
Chemistry  of  Materials  1989,  2,  171-173. 

(8)  F.  Stelzer,  O.  Leitner,  K.  Pressl,  G.  Leising,  R.H. 
Grubbs,  Synthetic  Metals  1991,  in  press. 


85 


CHROMOPHORIC  SELF-ASSEMBLED  SUPERLATTICES. 
MULTILAYER  CONSTRUCTION  OF  THIN  FILM 
NONLINEAR  OPTICAL  MATERIALS 
by 

D.  S.  Allan,  F.  Kubota,  Y.  Orihashi,  D.  Li,  and  T.  J.  Marks 
Department  of  Chemistry  and  the  Materials  Research  Center 
Northwestern  University,  Evanston,  IL  60208 

T.  G.  Zhang,  W.  P.  Lin,  and  G.  K.  Wong 
Department  of  Physics  and  the  Materials  Research  Center 
Northwestern  University,  Evanston,  IL  60208 

INTRODUCTION 


Key  requirements  in  the  design  of  efHcient  macromolecular  second- 
order  nonlinear  optical  (NLO)  materials  include  maximizing  the  number 
density  of  constituent  high-p  molecular  chromophores  as  well  r  ;  achieving  and 
preserving  maximum  acentricity  of  the  microstructure.  We  recently  reported 
a  new  approach  to  such  materials  which  utilizes  the  sequential  construction 
of  covalently  self-assembled,  NLO  chromophore-containing  multilayer 
structures  (Figure  D-^’^  The  result  is  a  robust  new  family  of  thin  film  NLO 
materials  with  bulk  values  near  2  x  10''  esu  at  X  =  1064  nm.  These 
materials  represent  a  complement  to,  and  possible  improvement  upon,  NLO 
materials  composed  of  either  poled,  cross-linked  chromophore-functionalized 
polymers,^’^  or  acentric  Langmuir-Blodgett  films.  In  this  contribution,  we 
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i.  Benzene,  25°C  followed  by 
cure  at  1 15°C 

iii.  Cl3Si0SiCl20SiCl3  in  THF 
followed  by  cure  at  1 1 5°C 


ii.  Reflux  in  n-PrOH 

iv.  Polyvinylalcohol  in  DMSO 


Figure  1.  Scheme  for  the  construction  of  chromophoric  self-assembled 
multilayer  NLO  materials. 

provide  an  account  of  our  continuing  efforts  to  elaborate/streamline  the 
multilayer  construction  methodology  and  to  assess/understand  the  effects 
thereof  on  film  micros*  ructure  and  NLO  characteristics. 

EXPERIMENTAL 

The  sources  and  purification  of  all  reagents  were  os  described 
previously.^'  Substrate  surfaces  weie  cleaned  as  reported  before,^  but  with 
^2^2  •’’“^stituted  for  an  O^  plasma  where  appropriate  (properties 


of  the  resulting  films  are  indistinguishable).  Multilayer  assembly  was  carried 
out  under  inert  atmosphere  in  an  apparatus^  that  allows  the  simultaneous 
preparation  of  6-10  specimens.  Progress  of  the  surface  reactions  was 
monitored  by  advancing  contact  angle  measurements  using  DI  water  as  the 
probe  liquid.  Ion  exchange  experiments  on  assembled  films  were  carried  cut 
in  0.1  M  acetonitrile  solutions  using  gentle  sonication.  Second  harmonic 
generation  (SHG)  measurements  were  carried  out  at  X  =  1064  nm*^’^  with 
automated,  computer-interfaced  instrumentation  for  angle-dependent  data 
acquisition  and  analysis.^  Single-sided  s^me’es  for  angle-dependent 
transmission  SHG  measurements  were  preoared  nv  diamond  polishing  to 
remove  films  from  the  back  of  double-siced,  as-prepa  *id  samples.  The  SHG 
reaction  cell  and  instrumentation  for  the  ui  situ  observation  of  the  NLO  film 
assembly  process  will  be  described  elsewhere.®  All  other  physical  measure¬ 
ments  (advancing  contact  angle,  optical  spectroscopy.  X-ray  photoelectron 
spectroscopy,  FTlR-attentuated  total  reflectance  spectroscopy)  employed 
apparatus  described  previously. 

RESULTS  AND  DISCUSSION 

The  present  chemical  strategy  for  the  construction  of  ^If-assembled 
chromophoric  multilayer  NLO  materials  is  shown  in  Figure  Important 

aspects  of  this  approach  include  the  use  of  a  stilbazole  chromophore  precursor, 
which  becomes  a  high-^  chromophore  upon  quatemization,  and  transverse 
structurally  stabilizing/planarizing  layers  introduced  using  silicone  self- 
assembly  technology  originally  developed  by  Sagiv.^®’^^  Our  initial  synthetic 
approach  employed  X’  =  1*  in  step  i,  and  m=l,  n=l  or  2  in  steps  iii  and  iv.^*^ 
We  now  focus  upon  the  degree  to  which  the  parameters  in  Figure  1  can  be 
modified  and  the  properties  of  the  resulting  films.  Key  issues  discussed  here 
are  the  substrate  generality,  the  efficiency  with  which  multilayer  structures 
can  built  up,  and  the  susceptibility  of  the  X"  ion  to  controlled  exchange. 

In  our  initial  work,  we  reported  that  multilayer  construction  could  be 
carried  out  on  clean  glass  surfaces  to  yield  chromophoric  assemblies  with  high 
structural  uniformity  as  judged  by  SHG  interference  patterns  from  double¬ 
sided  samples  and  the  quadratic  dependence  of  on  the  number  of 
chromophore  layers.^*^  Angle-dependent  SHG  data  could  be  fit^^  to  a 
structural  model  in  which  the  average  deviation  of  the  chromophore  dipoles 
from  the  substrate  surface  normal  ('F)  is  in  the  range  35-39*.  We  now  find 
that  multilayer  construction  can  also  be  carried  out  on  the  oxidized  (110) 
surface  of  single  crystal  silicon.  As  assessed  by  reflectance  SHG  measure¬ 
ments,  the  NLO  characteristics  of  such  films  are  very  similar  to  those 
deposited  on  glass,  and  we  find  that  'f'  *  44*.  In  preliminary  experiments,  we 
also  find  that  chromophoric  layers  can  be  formed  on  the  oxidized  surface  of 
single  crystal  germanium  (for  FTIR-ATR  studies)  as  well  as  on  ITO-coated 
glass  surfaces. 

In  regard  to  maximizing  the  chemical  efficiency  of  the  construction 
process,  which  is  essential  for  building  up  micron-scale  films,  we  find  that  step 
i  (Figure  1)  can  be  readily  carried  out  with  the  commercially  available  X  =  Cl 
silyl  reagent.  As  judged  by  advancing  contact  angle  measurements,  step  i  is 
complete  on  glass  after  2-3  minutes  reaction  time  followed  by  curing  in  air  at 
I15*C.  By  XPS,  we  find  that  the  benzylic  chloride  produced  in  step  i  (X  =  Cl) 
can  be  readily  converted  to  the  more  reactive  benzylic  iodide  by  exchange  with 
KI  in  However,  we  also  find  that  the  X  =  Cl  derivative  is  sufficiently 

reactive  to  readily  effect  quatemization  step  ii.  Defining  the  exact  rate  of  this 
chromophore-forming  step  is  crucial  to  optimizing  the  assembly  process,  and 
we  have  therefore  developed  in  situ  SHG  measurement  methods  to  monitor  the 
quatemization.^  As  illustrated  by  Figure  2,  the  rate  of  chromophore  layer 
evolution  is  satisfactory  for  efficient  multilayer  synthesis  at  at  60*C,  but 
impractically  slow  at  20*C.  /n  situ  SHG  techniques  should  be  invaluable  in 
monitoring  many  other  temporal  and  structural  aspects  of  the  self-assembly 
process. 


Steps  iii  and  iv  in  Figure  1  effect  a  transverse  "capping  off  of  the 
chromophore  layer  so  that  the  i,ii  reaction  sequence  can  be  repeated.  Earlier 
work  showed  that  the  iii.v  sequence  involving  both  a  chlorosilane  reagent  and 
polyvinylalcohol  is  also  essential  for  chromophore  alignment  and  the  ultimato 
temporal  stability  thereof. We  now  find  that  step  iv  can  be  eliminated  if 
the  product  of  chlorosilane  step  iii  is  cured  in  air  at  115*C  for  short  periods  of 
time  (^15  min).  Advancing  water  contact  angles  indicate  that  the  curing 
affords  a  more  hydrophilic  surface.  As  judged  by  relative  film  SHG  intensity 
(an  increase  of  18(6)%)  and  derived  T  values  (40.6(42)®  vs.  43.8(55)*)  e  ght- 
layer  films  prepared  with  the  aforementioned  cure  but  without  pol>'vinylalcohol 
layers  have  comparable  or  superior  chromopbore  alignment  and  have  a 
significantly  higher  chromophore  number  density.  Importantly,  the  temporal 
stability  of  chromophore  alignment  is  unchanged. 
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Finally,  the  salt-like  nature  of  the  chromophore  layers  in  these 
materials  raises  the  intriguing  question  of  whether  ion  exchange  processes  can 
be  effected  and,  if  so,  how  the  properties  of  Rim  microstructure  respond.  For 
(ingle  chromophore  layer  Rims,  we  Rnd  that  CP  or  I'  can  be  readily  exchanged 
by  solution  dmping  for  a  variety  of  anions  of  differing  size,  shape,  and 
polarizability.^  As  illustrated  in  Figure  3,  XPS  can  be  employed  to  monitor  the 
exchan^  of  T  for  p-toluenesulfonate.  Here,  diminution  of  the  I(3dg^,3d3^) 
signals  is  accompanied  by  growth  of  the  S(2p)  signal.  The  SHG  characteristics 


of  these  ion  exchanged  materials  are 

presently  under  examination. 

;  Before  Ion  Exchange  , 

A 

)  |sil2s) 

■  Iw  4^ 

y /  1  s(2p) 

jf  VCw  Alter  Ion  Exchange 

610  O  cr  I.V)  190 

Binding  Energy  (cV)  Binding  Energy  (eV) 


Figure  3.  Ion  exchange  of  X'  =  I'  for  X"  =  p-toluenesulfonate  in  a  single 
chromophore  layer  material  as  assessed  by  X-ray  photoelectron 
spectroscopy.  Intensities  are  ratioed  to  the  Si(2s)  feature. 


CONCLUSIONS 

These  results  demonstrate  that  the  scope  of  thin  Rim  NLO  materials 
hat  can  be  synthesized  via  the  scheme  in  Figure  1  is  very  broad  in  terms  of 
lubstrate  identity,  layer  formation  methodology,  and  charge-compensating 
lounterions.  Our  results  also  demonstrate  that  considerable  improvements  in 
he  efficiency  of  the  multilayer  assembly  process  are  achievable  without 
legradation  of  the  NLO  characteristics. 
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1  ■  INTRODUCTION 

Recently.  there  is  a  rapidly  growth  of  in¬ 
terest  in  guest-host  polymer  materials  due  to 
their  large  nonlinear  optical  effects  and  as  a 
means  of  the  introduction  of  the  noncen trosym- 
metric  structures*^  .  However,  these  systems  show  a 
decay  of  SHG  activities'^  .  In  order  to  overcome 
this  problem,  we  propose  a  new  molecular  design 
for  the  poled  polymers  whose  nonlinear 
susceptibilities  of  the  poled  molecules  possessing 
large  off-diagonal  components  such  as  ^  kw 
decay  only  a  few.  even  if  the  order  parameter  of 
the  dipole  is  relaxed  from  0.26  to  0.15.  In  this 
presentation.  the  nonlinear  susceptibilities  of 
molecules,  possessing  off-diagonal  components  will 
be  discussed  according  to  the  theoretical 
calculation  as  well  as  some  preliminary 
experimental  results. 

2.  THEORY 

The  nonlinear  polarization  at  frequency  2<i> 
induced  in  the  bulk  media  can  be  expressed  by  Eg. 
(1)  . 
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where  N  is  the  number  density  of  the  dopant  mole¬ 
cules.  The  f  terms  are  the  local  field  factors. 

<  B  ijK>  cooperated  to  the  electrically  poling, 
can  be  calculated  from  the  integral  of  the 
molecular  tensor  propcrliesf  ijk)  over  all  the 
possible  orientations  weighted  by  the  distribution 
function  which  is  given  as  follows'*^ 


<^ijK>=Xd^Jsin  0d0Xd<^’biiajjaKh 

X  fi  ,  iK*G(  0  ) 
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where  rotation  matrices 
frame  and  the  laboratory 
the  Euler  angles!  .  0 
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two-dir  :  *  '  lal  charge- 
fi  MV V  still  remain  as  we 
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In  the  case  of 

transfer  inoUcuIes.  large 
II  as  fi  VMM  . 


Finally.  the  macroscopic  hyperpolarizability  can 
be  derived  by  the  following  equation. 


fi  333=L3(p)*  fi  xxx+1.5  {  Ll(p)-L3(p)  }  fi  xyv  !4) 


where  Li(p)  and  Lsfp)  present  first  and  third 
order  Langevin  functions  respectively. 

3.  EXPERIMENT 


The  molecular  hyperpolarizabilities  were  cal¬ 
culated  according  to  the  finite  field  method, 
which  gives  a  off-resonant  fi  value  at  frequency 
0.  A  model  compound.  N . N ’ -b  i  s- (p-n i Iropheny li¬ 
me  than  ed  i  am  i  ne  ( abb  r  ev  i  a  ted  as  p-NMDA>.  of  a 
two-directional  charge  transfer  molecule, 
possessing  a  fi  xw  component,  was  synthesized  by 
reacting  p-n  i  t roan  i  1  i  ne ( p-NA)  with  formaldehyde  in 
me t hy i a  I c o ho  I  .  The  obtained  material  was 
characterized  by  nuclear  magnetic  resonance (NMR) . 
infrared  absorption  s pec t r osc opy ( I R) .  and 
differential  scanning  c a  I o r i me t r y ( DSC)  . 

Both  p-NMDA  and  PMMA  were  desoived  in 
N . N-d i me t hy I f o r mam i de ( DMF)  and  the  nonlinear 
optical  films  were  prepared  by  spin-coating  from 
the  mixed  solutions. 

The  electric  field  is  applied  above  90  “C  by 
corona  poling  method.  The  refractive  index  of  the 
host-guest  films  was  measured  by  m-line  method  at 
532nm  and  1064nm.  The  nonlinear  optical 
coefficient  of  the  poled  polymer  including  p-NMDA, 
das  and  dsj  ,  was  measured  according  to  the  Maker 
fringe  method. 


4.  RESULTS  AND  DISCUSSION 

Table  1  shows  the  calculated  molecular 
hyperpolarizabilities  of  different  kinds  of 
molecules  possessing  two  pairs  of  donor  and  ac¬ 
ceptor.  In  thes'?  calculations,  x  axis  of  molecule 
is  directed  along  a  dipole  moment  and  y  is 
perpendicular  to  the  dipole  moment,  within  the 
molecular  plane.  Two-directional  charge  transfer 
molecules  possess  a  large  off-diagonal  tensor 
components  such  as  fi  xyy  instead  of  fi  xxx  or 
fi  vvv .  Especially  for  1.3-diamino-4.6-bis- 
( 2- 4 ' - n i t r o phe n y 1 ) - be nze n e  (abb r e V i a t ed  as  DABNP)  , 
the  fi  XXV  value  is  larger  than  the  fi  xxx  value 
of  4 - am j n o -4 ’ - n i t r os t i  I  ben e  (abb r e V  I  a t ed  as  ANST)  . 
The  fi  X  value  of  ANST  obtained  from  the  electric 
field  induced  second  harmonic  generation  (EFISH) 
is  larger  than  that  of  calculated  value  because  of 
the  resonance  effect.  The  dipole  moment  of  DABNP 
is  higher  than  that  of  ANST  which  is  preferable  to 
the  electrical  poling.  since  the  nonlinear 

coefficient  is  proportional  to  the  absolute  value 
of  dipole  moment  at  weak  electrical  field.  Figure 
2  shows  the  macroscopic  hy pe r po I  a r i zab i I  i t  i  e s  of 
DABNP  and  ANST  that  were  theoretically  calculated 
according  to  Eq .  (4)  as  a  function  of  poling 

electric  field.  At  weak  electric  field,  the  slope 
of  fi  333  of  DABNP  is  almost  proportional  to  the 
poling  field,  and  the  fi  333  value  is  larger  than 
that  of  ANST.  However,  the  DABNP  shows  a 

saturation  of  fi  333  at  4MV/cm  electric  field  and 
hereafter  almost  keeps  constant.  On  the  contrary, 
the  fi  333  of  ANST  is  still  increasing  above  this 
poling  electric  field  and  exceeds  the  fi  333  of 
DABNP  at  6MV/cn.  Compared  with  ANST.  in  the  case 
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Table  1.  Calculated  molecular  hyperpolarizabili¬ 
ties  of  t wo “d i r ec t  i  ona 1  charge  transfer  molecules. 
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igure  1.  Calculated  macroscopic 
abilities  of  DABNP  and  ANSI. 


hy pe  r  po  I  a  r  i  ■ 


if  DABNP.  the  main  contribution  to  &  aaa  is 
®  Kvv  resulting  in  a  higher  difference  in  the 
irientation  of  the  molecules  as  a  function  of 
loling  electric  field.  In  the  actual  poling 
Tocess.  6MV/cm  electric  field  cannot  be  applied 
»ecause  of  the  electrical  break  down  of  the  host 
olymer,  therefore,  DABNP  still  possess  larger 
onl inear  coefficient  than  that  of  ANST.  Moreover. 
'ABNP  decays  a  little  even  if  the  order  parameter 
f  the  dipole  is  relaxed.  These  results  suggest 
hat  molecules.  possessing  large  off-diagonal 
omponents,  arc  preferable  for  optical  devices. 


since  the  half-wave  voltage  also  would  not  be 
changed  . 

In  order  to  confirm  these  theoretical 
calculations.  the  macroscopic  h y pe r po ! a r  i  za b  i  I  i - 
ties  of  t wo - d i r e c t  i  ona I  charge  transfer 
molecules.  p-NMDA  with  PMMA .  was  measured  and 
compared  with  the  result  of  one-directional  charge 
transfer  molecules  such  as  p-am i nobenzo  i  c 
ac i d ( abb r e V i a t ed  as  ABA)  in  a  PMMA  matrix.  Figure 
2.  shows  the  nonlinear  optical  coefficient  of 
these  molecules  as  a  function  of  the  applied 
electrical  field. 


Figure  2.  Macroscopic  hy pe rpo I ar i zab i M t i es  of 
p-NMDA  and  ABA. 

The  obtained  daa  almost  corresponds  to  the 
calculated  values  as  expected.  However,  the 
saturation  of  ^  aaa  of  p-NMDA  as  a  function  of 
applied  electric  field  cannot  be  observed,  rince 
the  dipole  moment  of  these  molecules  is  smaller 
than  that  of  DABNP.  The  more  precisely 
discussions  about  this  theory  will  be  published  in 
elsewhere  by  using  molecules  with  much  larger 
dipole  moment . 

5.  CONCLUSION 

We  found  that  the  molecules  possessing  large 
off-diagonal  components  are  preferable  for  optical 
devices.  since  the  X  values  of  these 

molecules  decay  only  a  few,  even  if  the  dipolar 
orientation  is  relaxed.  Therefore,  Iwo-d i r ec t i ona I 
charge  transfer  molecules  will  be  a  good  candidate 
for  nonlinear  poled  polymers. 
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Recent  effort  on  the  synthesis  of  hybrid  Organic-Inorganic 
small  molecules  and  macromolecules  towards  materials  with  the 
desired  Optical  and  Electronical  properties  will  be  described.  More 
specifically  the  design  of  materials  with  high  microscopic  and  macros¬ 
copic  optical  nonlinearities  with  the  appropriate  transmittance  thus 
leading  to  various  trade-offs  between  efficiency  and  transparency  (1). 
The  final  goal  within  our  research  effort  is  the  design  of  new  high 
performance  functional  polymer  materials  for  various  opncal  and 
electronic  components  for  the  present  macroscopic  and  the  future 
Molecular  Optoelectronic  Devices. 

In  order  to  accomplish  the  above  goal  we  employ  the  following 
methodology.  First  we  imagine  the  molecules  with  the  necessary 
desired  functions,  then  we  synthesize  them  and  then  we  characterize 
their  properties  and  correlate  them  to  the  a  priori  desired  functions. 
The  second  step  will  be  to  put  these  functional  molecules  in  the  requi¬ 
red  material  form  for  the  device  application  by  incorporating  them  into 
a  supramolecular  structure  such  as  an  amorphous  polymer  matrix  or  an 
organized  mesomorphic  structure  which  can  be  achieved  by  appro¬ 
priate  self-assembling  processes  (e.g.  block  copolymers).  Then  the 
properties  have  to  be  studied  again  in  order  to  see  if  the  resulting 
material  has  the  prerequired  function  also  at  this  level.  The  third  and 
final  step  will  be  the  incorporation  of  the  functional  material  into  the 
device,  thus  integrating  it  with  the  other  components  and  evaluate  once 
more  its  functions.  On  this  paper  we  will  present  the  first  results  of  the 
first  step  for  two  lands  of  molecules.  A)  The  synthesis  and  charac¬ 
terization  (structural  and  optical)  of  small  molecules  with  unusually 
high  second  order  molecular  hyperpolarizability  and  transparent  for  the 
most  part  in  the  visible  spectrum.  B)  The  synthesis  and  structural 
characterization  of  macromolecules  with  possible  a)  high  third  order 
molecular  hyperpolarizability,  b)  high  conductivity  upon  doping  but 
sufiiciently  transparent  for  its  use  as  material  for  transparent  electrodes 
and  c)  the  same  macromolecules  can  be  imagined  to  behave  phoio- 
reffactively  either  by  appropriate  external  doping  or  internal  self 
doping. 

A)  The  quadratic  nonlinear  effects  are  usually  obtained  with  highly 
polarizable  molecules  which  are  doted  with  electron  donor  and  elec¬ 
tron  acceptor  groups  linked  via  a  Jt-conjugated  molecular  system. 
Typically  these  molecules  are  disubstituted  stilbenes  and  push-pull 
polyenes  which  exhibit  large  molecular  hyperpolarizabilities  but 
usually  are  not  transparent.  For  many  applications  (optical  processing, 
frequency  doubling,  etc.)  new  compounds  combining  high  nonlinear 
optical  activities  (NLO)  with  good  transparency  are  needed. 

Thus  we  have  chosen  to  synthesize  a  new  class  of  highly 
polarizable  molecules  where  the  electron  donor  and  electron  acceptor 
groups  are  linked  via  silicon  backbone,  because  of  its  good  transparen¬ 
cy  and  o-a*  conjugation  through  the  Si-Si  bonds. 


The  general  formula  of  this  new  class  of  materials  is: 


R 


I 


n  =  2,  3,  4  etc 
R  =  We,  Et,  Pr  etc 
D  =  NWe, 

A  =  F.  CF„  SOjPh,  CH=C(CN), 


All  synthetic  manipulations  were  performed  under  a  dry  argon  at¬ 
mosphere  with  the  standard  Schlenk  techniques  and  following  the 
general  scheme: 
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We  have  prepared  successfully  so  far  three  compounds: 
Me 


All  of  the  above  materials  were  characterized  with  spectroscopic 
techniques:  NMR  (U  "C.  ”Si,  ”F).  IR  (COJ.  MS  and  DSC  (melting 
points,  FN2:  SS'C;  FN4  42'’C;  CF3N2:  88°Q.  The  results  are  in 
agreement  with  their  proposed  structure.  We  have  determined  also  the 
crystal  structure  with  X-Ray  diffraction.  Again  the  results  confirm  the 
proposed  molecular  structure  and  gave  us  the  supplemental  infoimation 
that  in  the  FN2  crystal  the  molecules  are  arranged  in  the  head  to  head 
configuration,  however  in  the  CF3N2  the  molecules  are  arranged  in  the 
head  to  tail  configtuation,  indicating  the  higher  charge  delocalization 
in  the  CF3N2  molecules.  The  electronic  properties  of  these  new 
materials  and  their  relation  to  their  structure  were  investigated  with  the 
use  of  the  absorption  (UV)  and  emission  (fluorescence)  spectra  in  dif¬ 
ferent  solvents.  The  UV-spectra  of  all  compounds  show  an  absorption 
maximum  at  about  273  nm  with  small  solvatochromic  shifts.  The 
maximum  can  be  assigned  to  a  local  excitation  of  the  rt-electrons  of 
the  dimcthylaminophenyl  ring.  In  the  fluorescence  spectra  (excited  at 
263  nm)  we  observed  an  emission  band  at  about  350  nm,  from  a  local 
excited  state.  The  solvatochromatic  shifts  are  small. 
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Only  CF3N2  shows  a  charge-transfer  emission  band  with  a  large 
solvatochromatic  shift  of  350  nm  (cyclohexane)  and  520  nm  (acetoni¬ 
trile).  Preliminary  measurements  and  calculations  of  the  second  order 
molecular  hypeipolarizabilities  show  promising  results  comparable  to 
the  recently  reported  values  on  siniilar  compounds  (2).  Extensive 
EFISH  measurement  and  ab-initio  calculations  are  under  the  way. 


B)  Relatively  high  values  of  third  order  hyperpolarizabilities  are 
obtained  usually  with  highly  conjugated  linear  macromolecules  (3).  For 
the  most  part  all  investigated  materials  having  the  above  properties 
were  homopolytners  with  entirely  n-  or  o-conjugation.  Recently  the 
synthesis  of  poly[(silanylene)diethynylene]s  polymers  which  become 
conducting  (4)  upon  oxidative  doping  have  been  reported.  For  opto¬ 
electronic  pnqrerties  it  is  of  interest  to  see  whether  these  polymers 
exhibit  delocalization  of  the  tt-electron  density  along  the  main  chain 
through  the  Si  atoms,  achieving  thus  highly  conjugated  systems  with 
relatively  good  transparency  in  the  visible.  In  this  context  we  syn¬ 
thesized  allemating  copolymers  of  mono-,  di-  or  tetrasilanylene  units 
as  one  block  and  thiophene,  2.2’-bithiophene  or  2.2’  ;  5’.5”-ter- 
thiophette  as  the  other  block.  Similar  type  of  polymers  and  their  con¬ 
ducting  properties  have  been  repotted  recently  (5).  We  have  used 
different  synthetic  routes  as  is  depicted  in  scheme  1  (6). 


Of  i'tO  'OfOfO 

_  ^  fn 


All  polymers  showed  a  red  shift  of  their  UV  absorption  maxima 
compared  to  the  corresponding  monomers  (Fig  1  and  2).  The  extent  ol 
this  shift  seems  to  be  dependant  on  the  degree  of  polymerization  (6). 


Fig  1.  UV  spectra  of  (SiT)^  ( - ),  Fig  2.  UV  spectra  of  TSiT  ( — ) 

(Sij)N  (— )  and  (Si,T)N  (- — )  TSi^T  (-^)  and  TSi.T  (-. — ) 

All  the  above  suggest  that  a  a-n  coupling  and  delocalization  through 
the  Si-Si  bonds  is  present,  the  extent  of  which  is  dependant  on  the 
silanylene  unit  between  the  thiophene  groups  (Fig  1  and  2). 

This  extent  of  delocalization  is  comparable  with  the  results  obtained 
by  West  (4a)  for  poly[(disilanylene)ethynylene]s.  More  detailed  studies 
on  the  spectral  properties  of  these  polymers  are  currently  pursued  in 
order  to  elucidate  the  origin  of  the  red  shift.  Also  investigations  of  the 
conducting  and  the  NLO-properties  of  the  reported  polymer  materials 
are  currently  in  progress. 

In  summary  rwo  new  types  of  material  components,  with  inter¬ 
esting  preliminary  results  on  their  spectroscopic  behaviour,  signature  of 
promising  opto-electronic  properties,  have  been  synthesized.  Further 
investigations  are  in  progress  following  our  initial  scheme  described  in 
the  beginning  of  this  abstract. 
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Some  of  the  properties  and  spectral  data  of  the  synthesized  polymers 
are  listed  in  the  Table  below. 


Polymer* 

N 

mp.(°C) 

A«„(nra) 

(Si-Dn 

4350 

1.4 

30 

120-130 

252 

(SiSiT)N 

3700 

1.6 

17 

155-165 

270 

(SiSiSiSiT)^ 

4150 

1.7 

14 

110-115 

248/274 

(SiTSiSiT)„ 

4200 

1.5 

16 

120-130 

250/270 

(SiSiTDN 

4600 

1.6 

15 

190-200 

254/327 

(SiTn\ 

2700 

1.3 

10 

200-215 

256/372 

a:  Si  =  SiMcj  and  T  =  thienyl 
b:  relative  to  polystyrene  standards 
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Recently  the  development  of  higher  speed  electronic  systems  has  led  to  proposals  for 
the  application  of  organic  electro-optic  polymers  in  inugrated  optical  devices,  which 
include  electro-optic  modulators  and  optical  waveguides.  ^  In  addition  to  the  intrinsic  low 
dielectric  constant  essential  to  high  speed  toleration,  organic  polymers  are  attractive 
because  their  ease  of  processibility  as  thin  films  is  compatible  wi^  semiconductor  device 
processing  techniques.  These  same  techniques  are  also  suitable  for  the  fabrication  of 
single  mo^  electro^ptic  devices.  In  device  applications,  thermal  stability  is  one  of 
se>n^  major  criteria  in  selecting  appropriate  polymers  for  optical  applications  because 
electronic  assembly  (e.g.,  solder)  temperatures  easily  exceed  300^C.  This  thermal 
requiieinent  is  met  by  a  class  of  polymers  known  as  polyimides.  which  already  receive 
wide  spread  use  in  the  microelectronic  industry  as  dielectric  insulators  for  semiconductor 
chips,  die  attach  adhesives,  and  interlayer  dielectrics  for  thin  film  interconnects.  In  the 
field  of  photonics,  the  application  of  polyiimdes  as  passive  optical  waveguide  materials 
for  optical  interconnects  has  been  reported.^  The  fabrication  of  micron-size  structures  in 
poiyunide  films  suitable  fcM*  single  mode  devices  has  been  demonstrated  using  integrated 
circuit  process  technology.^ 

For  active  optical  waveguide  structures,  poled  electro-opuc  (EO)  polymer  thin  films 
have  emerged  in  the  photonics  field  as  a  promising  new  class  of  EO  materials.^  The  net 
alignment  of  molecular  dipoles  induced  by  the  electric  field  poling  of  a  polymer  sy^em 
do^  with  nonlinear  opci^  (NLO)  guest  molecules  gives  rise  to  a  linear  EO  effect^  In 
this  way,  it  is  possible  to  make  high  spi^  active  EO  modulators  for  electronic  systems 
including,  for  instance,  phase  shifters,  ^recdonal  couplers,  and  intensity  modulators  (e.g. 
Mach-Zehnder  interferometers.)”  Such  an  active  £0  waveguide  is  very  attractive  in  a  new 
architecture  of  high  speed  inter-chip  interconnections  because  of  the  high  bandwidth 
operation  (low  dielectric  constant)  as  well  as  the  relative  ease  of  processibility 
characteristic  of  organic  polymers.  The  integration  of  opto-electronic  technology  into  the 
current  semiconducior  electronics,  however,  has  only  be^  demonstrated  at  a  research  level 
and  was  not  feasible  in  electronic  system  fabrication.  This  has  been  mainly  due  to  the 
failure  of  existing  EO  polymers  to  meet  the  thermal  stabilitv  requirements  dicuted  by 
standard  electronic  assembly  processes.  It  is  now  realized  that  thermal  stability  of  Eu 
materials,  and  of  the  poled  EC)  response  in  these  materials,  is  a  critical  issue  tn  meeting 
the  thermal  stability  requirements  of  an  integrated  device  as  a  whole.  ‘ 

We  have  already  reported  a  new  poling  process  for  creating  active  EO  polyimide 
waveguide structures  based  on  molecular  doping  of  polyimide  Uiin  films  with  NLO  guest 
molecules.^  In  an  initial  proof  of  principle  study,  the  resulting  polyimide  guest-host  film 
was  cured  at  250®C  to  demonstrate  a  thermally  stable  EO  response  at  1 50®C.  We  have 
recently  demonstrated  an  improvement  in  the  thermal  stability  of  the  EO  response  to 
temperuures  of  200®C  and  300®C.  respectively,  for  poled  polyimide  systems  cured  at 
360*C.^  These  results  have  been  achieved  by  using  a  new  approach  to  the  design  of 
guest-host  EO  polymer  systems. 


GUEST-HQST  SYSTEM  DESIGN 

The  preferred  approach  for  EO  polymer  materials  has  been  the  synthesis  of  side  chain 
polymers  based  prirn^y  on  ester,  yinyl,  and  other  linkages  used  in  glassy  polymers  such 
as  ^lyacrylaies  and  polystyrenes.^^  Tlie  EO  moietv.  consisting  of  donor  and  acceptor 
groups  connected  by  a  conjugated  x-electron  system,*  l  has  been  attached  as  a  side  gi^p 
to  the  polymer  main  chain.  Initially  these  moiedes.  such  as  dimethylaminonitrostilbene 
(DANS),  Disperse  Red  1  (DRl),  etc.,  were  mixed  into  polymethyl  methacrylate  (PMMA) 
and  oih^  polymers  as  guests  in  the  polymer  host  system.  These  guest-host  systems  had 
limited  thennal  stability  and  limited  miscibility  kept  the  concentration  of  the  active 
optical  moieties  below  1S%.  The  side  chain  polymers  increased  thermal  stability  and 
a^wed  loadings  of  up  to  60%.  Other  a(^>roaches  to  incre^ing  thermal  stability  include 
crosslinking  the  active  moiety  into  the  polymer  system, and  constructing  covalently 
self-assemMed  superlattice  structures  containing  oriented  chiomophores.*^ 

We  have  taken  the  approach  of  regarding  the  guest  as  a  solute  in  a  polymeric  host 
solvent  By  matching  solubility  parameters  for  the  guest  and  host  we  have  achieved 
>50%  loadings  of  the  active  EO  molecule  in  polyimides.  To  increase  thennal  stability  of 
the  guest  in  the  host  we  consider  the  way  the  active  EO  molecule  fits  into  the  free 
volume  of  the  polymer.  By  choosing  the  a^ropriaie  molecular  Van  der  Waals  (VDW) 
verfume  of  the  guest  and  polymeric  free  volume  of  the  host  we  have  achieved  thermal 
stability  of  EO  response  at  300*C  for  2  hours  and  200*C  for  over  80  hours  in  polyimide 
guest-host  systems. 

Host  Selection 

Selection  of  a  host  polymer  for  use  in  a  thermally  suble  EO  guest-host  system  is 
governed  by  several  major  criteria.  First  the  polymer  chosen  must  have  the  inherent 
thermal  stability  to  withstand  electronic  processing  conditions  without  structural 
deterioration.  The  polymer  must  also  be  c^ticaliy  clear  at  the  operating  wavelengths  of 
the  device,  and  must  be  compatible  with  ot^r  materials  and  processes  used  in  electronic 
assembly.  Finally,  the  morphology  of  the  polymer  must  be  such  that  the  guest  is 
constrained  after  orientation  is  induced  by  electric  field  poling.  Based  on  these 
requirements  we  have  chosen  to  investigate  the  polyimides  as  host  polymers. 

Polyimides  are  well-known  polymers  used  in  the  semiconducior  industry  as  thin  film 
dielectric  insulators.  They  are  chemically  stable  at  temperatures  as  high  as  400'C. 
Polyimides  are  available  which  have  high  optical  transparency,  a  coefficient  of  iherm^ 
exp^sion  comparable  to  silicon,  and  refined  micro-elcctronics  process  compatibilities.*'* 


Available  as  polyamic  acid  solutions,  which  arc  the  initial  condensation  product  of  the 
reaction  between  an  aromatic  dianhydnde  and  an  aromatic  diamine  in  aprouc  solvents  such 
as  N-methyl  pyrrolidinone  (NMP),  these  resins  arc  easily  coated  as  thin  films  using  a 
variety  of  techniques  (e  g.,  spin  and  spray  coaling).  During  final  heal  curing,  the 
polyamic  acid  resin  completes  the  condensation  process  to  irreversibly  fexm  imide  ring 
Imlrages  which  account  for  the  high  degree  of  thermal  and  mechanical  stability  achieved 
with  this  class  of  polymer.  This  thermal  cure  process  results  in  a  film  thickness  change 
of  the  order  of  40%.  and  essentially  all  of  the  volume  loss  is  in  one  dimension.  The 
resulting  morphology  of  these  thin  imidized  films  prepared  by  spin  coaling  closely 
resembles  that  of  smectic  liquid  crystal,  in  which  the  Jong  axis  of  the  polymer  chain  is 
preferentially  oriented  parallel  to  the  film  surface.*^  Polyimide  films  consequently 
exhibit  substantial  optical,  mechanical,  and  diffusion  anisotropies.*”  This  implies  that 
the  free  volume  available  for  guest  molecule  occupation  is  highly  oblate.  The  size  of  the 
free  volume  is  influenced  by  the  structure  of  the  polymer,  ^lyimides  based  on  tightly 
packed  rod-Uke  stnictnires  exhibiting  small  free  volumes  and  low  coe^icients  of  thermal 
expansion  have  been  reported.* ' 

GutsL.  StltiJioa 

The  optimal  size  and  shape  of  the  guest  for  a  given  host  system  is  determined  by  the 
free  volume  present  in  the  polymer  after  cure.  By  using  a  guest  that  closely  matches  the 
host  free  volume  in  overall  size,  rotational  diffusion  resulting  in  loss  of  alignment  can  be 
significantly  reduced.  In  the  original  guest-host  systems,  the  typical  optical  moieties  had 
VDW  volumes  of  200  or  less. 

Segmental  motion  in  PMMA-type  molecules  involves  the  side  chain  for  the  ^ 
transition  and  main  chain  motion  for  a  transitions.  The  loss  of  dipole  alignment, 
which  is  associated  with  the  a  transition  in  these  systems,  occurs  due  to  a  rotational 
diffusion  which  is  related  to  the  free  volume  tl^ugh  the  polymer  conformation  and 
morphology  changes  propagating  along  the  chain.  *^  'Htc  clTcciive  rotational  free  volume 
f(X  an  optical  molecule  disalignment  is  reduced  by  bcM>ding  to  the  main  chain;  therefore 
side-chain  attachment  results  in  enhanced  thermal  stability.  By  addressing  the  relative  free 
volume  of  the  polymer  and  EO  moiety  high  thermal  stability  can  be  achieved  in  guest- 
host  systems  without  side  chain  aitachmenu  When  the  free  volume  of  the  polymer  at  a 
specific  temperature  is  less  than  the  VDW  volume  of  the  ntolecule,  rotational  diffusion  is 
significantly  reduced  and  the  active  EO  moiebes  retain  their  poling-iriduced  alignmenL 

The  VDW  size  of  NLO  molecules  that  undergo  rotaticxial  difusion  from  an  aligned 
state  should  be  treated  as  a  series  of  temperature  activated  segmental  size  depei^ni 
motions,  rather  than  as  a  rigid  body.  This  is  analogous  to  the  treatment  of  segmental 
motion  in  polymer  systems  that  give  rise  to  the  a,  y,  etc.,  transitions  at  different 
temperatures.*^  This  leads  to  a  lower  VDW  volume  when  adding  the  sclent  sizes  than 
when  treating  the  molecule  as  a  single  unit  that  undergoes  rotational  diffusion  ^xxit  a 
central  rotation  axis. 

Because  polyimides  are  highly  anisotropic,  the  shape  of  the  guest  molecule  is  also  a 
factor  in  guest  selection.  An  elongated  mol^ule  can  be  elTectively  trapped  in  the  oblate 
free  volume  of  a  densified  polyimide.  We  have  t)>ererore  chosen  relatively  planar  dye 
molecules  in  order  to  take  advantage  of  this  anisotropy  in  free  volume  of  the  polyimide. 
We  have  examined  a  series  of  dyes  belon^ng  to  the  fluorescein  class.  The  chemical 
structures  of  four  of  these  dyes  are  shown  in  Figure  1.  Figure  2  depicts  two  views  of  a 
space-filling  model  of  the  free-acid  form  of  Erythrosin  B.  the  dye  that  was  used  in  the 
thermal  stability  studies  described  in  the  preceding  section.  U  can  be  seen  from  this 
model  that  the  structure  of  Erythrosin  B  molecule  deviates  only  slightly  from  planarity 
and  occupies  a  relatively  large  VDW  volume  (ca.  350  A^). 
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Figure  1.  Stntciures  of  Fluorescein  Dves  (lactone  isomers  shown) 


Figure  2.  Space  filling  Model  of  Erythrosin  B  (front  and  side  views) 


Another  criterion  in  guest  selection  is  resistaiKe  of  the  guest  molecule  to  thermal 
decomposition  at  the  temperatures  required  for  polyimide  cure  and  densificadon.  We  have 
studied  the  decomposition  of  a  senes  of  fluorescein  dyes  by  UV-visible  spectra  in 
polyimide  materials.  As  can  be  seen  in  Figure  3.  the  intensity  of  the  optical  absorption 
near  500  nm  of  Erythrosin  B  is  significantly  diminished  after  high-temperature  cure  in 
polyimide.  indicating  decomposition  of  the  dye.  Diher  members  of  the  fluorescein  class 
are  more  thermaJiy  stable,  however.  On  the  right  this  region  of  the  absorption  spectrum 
of  fluorescein  isoihiocyanaie  in  polyimide  is  shown,  before  and  after  cure.  In  this  case, 
the  oscillator  strength  remains  rclabvciy  unchanged  after  the  same  curing  procedure,  along 
with  a  uniform  diclccinc  shift. 


92 


before  f . 1  Mid  after  f  p  ■■  ^  curing  at  ViO'C  for  30  min. 

JCPERIMENTAL 

We  have  investigaied  a  senes  of  fluorescein  and  other  dyes  in  polyimide  hosts. 
iOmpatibility  of  dye  and  polyimide  was  studied  by  mixing  guest  and  host  and  checking 
or  the  formatioa  of  crystals  or  domains  by  optical  microscopy  and  optical  waveguide 
oenuation.  In  some  cases  the  active  EO  moiety  is  more  compatible  with  the  polyimide 
■an  with  the  pqlyamic  acid  solution  or  film  and  thus  time  from  dissolution  to  cast  and 
ly  and  imidiution  is  a  relevant  parameter  for  generation  of  optically  clear  films.  In  each 
ase,  Ifae  sample  was  cured  while  a  dc  poling  field  was  appliol  to  the  film.  This  field  was 
laiiitained  after  iroidization  during  the  high-temperature  densification  of  the  films  as 
‘dl. 

The  following  procedure  describes  an  example  in  which  the  guest  molecule  is 
sythrosin  B  and  the  host  polymer  is  Pyralin  261  ID  The  gu^  molecule  was  dissolved 
I  NMP.  Films  were  prepared  by  spin  coating  the  erythrosin^lyamic  acid  soluuons 
xfylhiosinf261  ID)  on  the  etched  chromium  elecnodes  (100  nm  thick)  deposited  on  fused 
aaitz  substrates.  The  poling  electrode  geome^  was  a  coplanar  structure,  and  the 
xperimental  measurement  set-up  has  been  described  in  Ref.  6.  Residual  NMP  solvent 
as  ictnoved  by  vacuum  soft-bak^  at  I20X  for  a  few  hours. 

The  curing  temperature  proflIes  are  shown  in  Figure  4.  The  250°C  for  I  hour  profile 
iwe  1,  adopted  for  sample  curing  as  reported  in  Ref.  6)  is  shown  as  a  reference.  The 
tnpetaniie  profile  adopted  for  the  fluorescein  series  is  2^C  for  1  hour  plus  360°C  for 
n  hour  labelled  (2)  or  360*C  for  1/4  hour  plus  300“C  for  1/3  hour  labelled  (3).  For 
aring  process  (2),  the  films  were  imidized  by  heating  to  2S0°C  at  a  rate  of  d°C  /  min 
ilh  a  dc  poling  field  amUed.  After  holding  the  sample  at  250°C  for  1  hour,  the  sample 
as  healed  again  up  to  36(rC  (10°C/min)  and  held  there  for  1/2  hour  with  a  dc  poling 
eld  mlied.  For  curing  process  (3),  the  film  was  healed  to  360°C  (IO°C/min)  and  held 
lere  for  1/4  hour  and  cooled  down  to  300°C  (12°C/min)  and  held  for  1/3  hour  for 
mealing.  In  both  processes  (2)  and  (3),  the  dc  field  was  removed  upon  reaching  room 
mpeiature. 


TNIC  (h) 

iaire  4.  Temperabire  profiles  of  thermal  curing  are  shown.  Profiles  (I),  (2),  and  (3) 
correspond  to  200^  for  1  hour,  200°C  for  1  hour  plus  360°C  for  1/2  hour,  and 
360"C  for  1/4  hour  plus  300X  for  1/3  hour,  respectively.  The  temporal  profile  of  the 
poling  electric  field  is  also  shown. 

/e  have  measured  the  EO  response  at  633  nm  as  a  function  of  time  for  an 
iytliiDsin/261  ID  coplanar-electrode  sample  poled  at  30  V^im  with  curing  profile  (2). 
acept  for  an  initial  d^y  of  around  30  %  after  20  hours  at  2(I0°C,  virtually  no  decay  was 
aaerved  in  the  EO  sigri^  over  60  hours  at  200°C.  Samples  cured  using  temperature 
lofile  (3)  were  also  tested.  In  this  case  the  initial  decay  was  33%  in  the  first  hour, 
Aywed  by  no  further  decay  in  the  EO  signal  over  another  I  hour  at  300°C. 

ISCDSSIQN 

Our  approach  lo  increasing  EO  thermal  stability  is  based  on  the  recognition  that,  in 
alyimides,  there  actually  exist  two  distinct  stages  in  the  curing  process  with 
■responding  different  temperature  ranges.  The  first  stage  is  the  imidization  stage  in 
hich  the  polyamic  acid  coiidenses  to  form  the  imide  rings  at  temperatures  around  170  - 
MyC;  and  the  second  is  a  densification  stage  in  which  the  polyimide  densifies  to  further 
■Ink  the  available  free  volume  at  around  340  -  380°C.^  The  existence  of  this  second 
■ing  stage  suggests  that  through  densification  at  temperatures  higher  than  230°C  during 
«  poling  process,  EO  thermal  stability  at  300°C  in  polyimide  guest-host  systems  may 
:  achiev^  This  is  evidenced  in  thermal  aging  tests  carried  out  at  temperatures  high« 
an  the  hnidizalion  curiiu  temperatures.  Thus,  for  example,  polyimide  guest-host  films 
■ed  at  230°C  exhibit  ifo  thermal  stability  at  130°C  for  many  hours  as  previously 
ported,  but,  after  1  hour  of  thermal  aging  at  300°C,  no  EO  signal  is  detectable.  Such 
lermal  aging  results  suggest  that  imidization  alone  without  densification  is  inadequate  to 


obtain  EO  thermal  slabiliiy  ai  300°C  in  polyimide  guesi-hosl  systems,  and  that  a 
densification  curing  step  should  be  included  in  the  poling  process  m  order  to  reduce  Ihe 
free  volume  and  inhibii  the  guest  NLO  molecules  from  becoming  unaligned. 

We  have  also  detemiined  that  two  condiuons  in  the  polmg  process  arc  of  major 
imponaiKe  for  the  EO  thermal  stability  that  we  repon  here.  First,  the  poling  field  is 
applied  during  the  cure  process  so  that  the  dipole  alignment  is  achieved  before  imidization 
when  the  available  free  volume  is  much  larger  and  the  film  is  less  rigid;  and  second,  the 
guest  molecules  are  aligned  in  the  same  orientation  as  the  conforming  morphology  of  the 
host  polymer.  That  is,  the  material  poled  is  located  between  coplanar  electrodes  which  lie 
in  the  plane  of  the  spun  polyimide  and  thus,  for  many  linear  or  planar  dye  molecules,  this 
results  in  a  coincidence  of  the  aligned  NLlO  molecule  with  the  fully  cured  polyimide's 
highly  oblate  free  volume. 

Experimentally,  the  high  temperature  curing  with  a  high  poling  electric  field  (onler  of 
100  V/pm)  becomes  more  challenging  due  to  the  change  in  ejecincal  conductivity  of 
polyamic  acid  and  polyimide  over  a  wide  range  of  temperatures.^ '  The  presence  of  guest 
molecules  inside  the  host  polyamic  acid  further  complicates  the  conductivity  at  high 
temperatures;  this  is  often  due  to  the  increased  mobility  of  undesirable  ionic  impurities 
present  in  the  guest-hosi  system.  We  find  that  the  high  conductivity  leads  to  dielectric 
breakdown  of  the  thin  film  samples  resulting  in  unsuccessful  poling.  By  selecting 
cleaner,  lower  ionic  impurity  NLO  molecules  as  guest,  we  succeeded  in  curing  at  360°C 
with  a  poling  electric  field  appUed. 

It  should  also  be  noted  that  we  observed  an  EO  signal  in  the  cured  Erythrosin 
B/poIyimide  film  despite  the  decrease  of  the  absorption  pe^  for  Erythrosin  B  after  high 
temperature  curing  which  was  described  earlier.  This  result  indicates  that  either 
decomposition  of  die  dye  was  incomplete  or  that  the  molecule  fragmented  to  produce 
products  with  some  EO  activity.  We  are  currently  addressing  the  issue  of  thermal 
stability  of  the  active  guest  moiety  by  evaluating  a  number  of  different  classes  of 
compounds  in  polyimide  systems. 

roNcmsioNs 

In  summary,  we  have  described  an  approach  in  which  the  active  EO  moiety  is  treated 
as  a  solute  in  a  host  polymer  solvent.  Loading  levels  are  increased  by  selecting  guests  and 
hosts  with  compatible  Nubility  parameters.  By  matching  the  Van  der  WaaU  volume  of 
Ihe  guest  to  the  free  volume  and  morphology  of  the  polyimide  host,  Ihe  thermal  stability 
of  these  guest-host  systems  is  enhanced.  The  films  are  imidized  and  densified  during  high 
temperature  curing  under  an  applied  dc  poling  field.  Using  this  approach  we  have 
demonstrated  thermally  stable  EO  response  in  poled  polyimide  films  at  temperatures  up  to 
300»C. 
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Nonlinear  optical  (NLO)  polymers  have  attracted  much 
attention  due  to  their  application  possibilities  in  a  number  of 
photonics  technologies*.  We  have  developed  a  new  class  of 
photocrosslinkable  polymers  with  stable  second  and  third  order 
nonlinear  optical  properties^.  The  polymers  have  significant 
processing  advantages  over  their  inorganic  counterparts. 

The  NLO  polymers  have  been  designed  as  guest-host 
systems  and  as  polymers  with  the  NLO  and  photocrosslinkable 
units  in  the  main  chain  and  in  the  side  chain.  Each  of  these 
classes  of  materials  presents  unique  features  and  advantages. 

A  guest  host  photocrosslinkable  NLO  polymer  has  been 
designed  where  the  host  polymer  is  polyvinylcinnamate 
(PVCN),  a  commercially  available  photosensitive  polymer.  A 
new  azo  dye,  3-cinnamoyloxy-4-[4-(N,N-diethylamino)-2- 
cinnamoyloxy  phenylazo]  nitrobenzene  (CNNB-R)  has  been 
designed  as  the  guest  NLO  molecule.  The  photocrosslinking 
groups  are  present  in  both  the  host  polymer  and  the  NLO  dye, 
facilitating  intermolecular  linkings.  An  azo  dye  appropriately 
substituted  with  donor-acceptor  groups  is  selected  for  its  large 
molecular  hyperpolarizability  and  ground  state  dipole  moment. 
Presence  of  the  bulky  photocrosslinking  groups  was  also 
expected  to  inhibit  trans-cis  isomerization  and  improved 
compatibilization  with  the  polymer  is  possible.  The  system  as 
synthesized  meets  all  these  design  expectations. 

Figure  1  shows  the  diazo  linked  ir-extended  system  (i  and 
it)  that  has  been  synthesized  by  uazo  oupling  reaction  of 
aromatic  molecules  appropriately  ‘■n'-atituted  with  donor- 
acceptor  groups  and  hydroxyl  groups.  Nitro-  and  N,N- 
diethylamine  arc  chosen  as  efficient  acceptor  and  donor  groups, 
respectively,  and  placed  at  either  end  of  the  tt-extended 
molecule,  in  order  to  obtain  large  second-order  electro-optic 
effects.  Likewise,  one  hydroxyl  group  in  each  aromatic  ring  is 
appropriately  substituted  for  coupling  with  the  photosensitive 
chromophores  (ia  and  iia).  The  preparation  of  i,  ia,  ii  and  iia 
(shown  in  Figure  1)  was  achieved  via  the  reactions  of  Figure  2. 

Crosslinks  are  formed  by  2  +  2  photo-dimerization 
between  an  excited  cinnamoyl  group  of  one  chain  with  a 
ground-state  cinnamoyl  group  belonging  to  another  chain.  The 
photo-dimerization  between  two  CC  double  bonds  of  cinnamoyl 
groups  is  very  effective  because  of  the  adjacent  carbonyl  group 
which  provides  desirable  polarization  towards  the  reactivity  of 
the  double  bond.  The  phenyl  group,  on  the  other  hand, 
increases  the  polarizability  and  the  absorption  coefficient  of  the 
chromophorc.  The  intermolecular  photocrosslinking  reaction 
between  the  photosensitive  chromophores  of  the  polymer  and 
the  active  molecules  is  represented  in  Figure  .3. 

The  conventional  spinning  technique  used  m 
microfabrication  was  employed  for  coating  thin  films  of  various 
combinations  of  the  NLO  molecules  and  PVCN  over  different 


substrates  such  as  glass,  quartz,  thermally  grown  silicon  dioxide 
on  silicon,  etc.  Thickness  ranging  from  0.5  to  2.5  pm  was 
oOtained  by  optimizing  liic  spinning  speed  and  Lhe  viscosity  of 
the  solution.  Non-centrosymmetric  organization  of  NLO 
molecules  in  the  polymer  matrix  was  introduced  by  corona 
polingJ.  The  poling  temperature  was  properly  selected  as 
dictated  by  the  concentration  of  NLO  molecules  in  the  polymer 
matrix.  This  temperature  is  usually  close  to  Tg  of  the  polymer 
matrix. 

Main  chain  NLO  polymers  with  the  photocrosslinking 
groups  on  the  side  chain  have  also  been  synthesized.  One  of  the 
representative  structures  is  shown  in  Figure  4.  TTiese  polymers 
are  produced  by  reacting  an  epoxy  with  an  NLO  unit  containing 
an  amine  group.  This  prepolymer  is  subsequently  derivatized 
using  cinnamoyl  chloride  to  provide  the  photocrosslinking 
groups  functioning  as  guests.  These  ptolymers  can  be  processed, 
poled  and  subsequently  photocrosslinked.  They  also  allow 
incorporation  of  different  types  of  NLO  chromophores.  The 
number  density  of  NLO  units  in  these  polymers  can  be 
significantly  increased.  These  polymers  are  also  used  as  host  in 
guest  host  systems  with  NLO  dyes  functionalized  with  the 
photocrosslinking  groups.  In  addition  to  the  cinnamoyl  group 
which  is  reactive  at  2oU  nm,  styrylacrylate  groups  have  been 
used,  allowing  photocrosslinking  at  360  nm.  The  second  order 
nonlinear  coefficients,  d33,  have  been  measured  for  the  poled, 
crosslinked  system  by  second  harmonic  generation. 
Electrooptic  coefficient  has  been  measured  using 
interferrometric  techniques. 

The  stability  of  the  poled  and  crosslinked  polymers  has 
been  investigated  by  monitoring  the  decay  of  the  second 
harmonic  signal.  No  measurable  decay  in  optical  nonlinearity  is 
observed  for  one  of  the  photocrosslinked  polymers  up  to 
temperatures  of  160  °C  for  a  period  of  several  hours.  These 
results  are  also  confirmed  by  monitoring  the  stability  of  the  UV- 
visible  absorption  spectrum  at  these  temperatures'^.  Channel 
waveguides  and  diffraction  gratings  have  been  fabricated  using 
lithographic  techniques. 
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Figure  3.  Intermolecular  photocrosslinking  reaction  between 
photosensitive  chromophores  of  the  polymer  and 
active  molecules. 


/=.  CH 

(la/ 


NH, 


NOj 


r  I  /=\  I  >=\  I  1 

-  -CHj-CH  - CH5-0-^^|-<^0- CHj-CH  - CHrN-J- 


CH, 

(Ib) 


Rcoa 


r  I  CC'^  /=rv  CH,  OCOR  -] 

-j-CHj-CH  -  CH-0-^^|--Q>-0-CH,-6t  -CH,^J-^ 


(lc)  C6H5-CH=CH 

(ld)  CsH5-CH=CH  CH=CH 


NO, 


Figure  4.  Structure  of  a  photocrosslinkable  polymer  with  a 
NLO  group  in  the  main  chain. 
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INTRODUCTION 

The  very  high  optical  nonlinear  susceptibility  of 

polyacetylene  (CH),  in  the  pure  trans  conformation,  given  recently  in 
the  literature  (1 ,  2),  has  led  to  the  search  for  new  derivatives  with  the 
same  conjugated  chemical  architecture.  The  polyacetylenic  unsubsti¬ 
tuted  backbone  of  is  perfectly  planar  and  conjugated,  while  those 
of  substituted  polyacetylenes  can  be  conjugated  or  non  conjugated, 
depending  of  the  side-chain  steric  hindrance  (3).  However  by  a  careful 
choice  of  the  subtituents,  which  do  not  perturb  too  much  the  backbone, 
a  conjugated  chain  can  be  made  soluble  or  to  exhibit  several  thermal 
transitions.  In  a  previous  work  (4)  we  have  studied  substituted 
polyacetylenes,  whose  substituents  present  the  intrinsic  self-ordering 
properties  of  a  mesogenic  group.  We  reported  on  the  investigation  of  a 
soluble  conjugated  polyacetylene  with  cholesteryl  side-groups  at  the  end 
of  flexible  spacers.  The  thermotropic  liquid  crystalline  properties  of  the 
side-chains  are  joined  to  the  optical  properties  of  a  "n  electron 
delocalization  of  the  backbone.  A  relatively  low  value,  measured 
on  the  polymer  film,  is  consistent  with  a  moderated  planar  chain  length. 
Moreover  a  loss  of  conjugation  of  the  polymer,  takes  place  in  solution 
or  in  the  liquid  crystalline  phase.  We  presently  attribute  the  progressive 
lowering  of  the  conjugation  length  tr.  the  rotation  motions  along  the 
single  bonds  of  the  backbone.  The  flexible  spacer  induced  a  strong 
decoupling  between  the  ordered  cholesteryl  side-group  and  the 
polyacetylenic  ribbon.  In  order  to  increase  the  stiffness  of  the 
polyacetylenic  chain  in  solution  or  in  the  melt,  we  have  synthetized 
polyphenylacetylene  derivatives  with  alkyl  side-cl-ains.  The  stacking  of 
the  phenyl  rings  in  a  plane  orthogonal  to  the  backbone  should  preclude 
the  torsional  motion  of  the  backbone.  This  paper  describes  the 
characterization  results,  in  solid  film  or  solution  of  a  series  of  new 
polymer  derivatives  obtained  from  para-ethynyl-benzoic-alkyl-esters. 

EXPERIMENTAL 

The  synthetic  route  used  for  the  preparation  of  the  polyfpara- 
ethynyl-benzoic-esters)  with  different  length  of  the  aliphatic  chains 
(hereafter  abbreviated  polyPEBCn_  whose  n  represents  the  number  of 
carbon  atoms  of  the  aliphatic  chain)  has  been  conducted  according  the 
schematic  procedure  reported  here  (5); 
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The  polymerization  of  the  acetylenic  derivatives  was  obtained  by 
reaction  in  solution  with  the  group  5  and  6  transition  metal  halides 
(M0CI5,  or  WCI5),  without  cocatalyst.  The  reaction  was  carried  out  at 
a  temperature  of  30-35  °C  in  toluene  or  dioxane  as  solvents  under 
vacuum  in  a  glass  vessel,  using  the  Schlenk  technique.  The  polymer 
was  checked  by  NMR  *H  and  spectroscopy  on  a  Bruker  AC  200F 
spectrometer.  As  an  example  for  PPEBC4  NMR  (CDCI3)  i,  165.9 
ppm,  C=0;  i,  unresolved  spectrum  between  143.3  and  132  ppm, 
(C=C)n;  i,  129.3,  phenyl  ring,  S  64.7,  30.7,  19.2,  13.7  ppm,  for  the 
4  alkyl  carbon  atoms,  the  two  peaks  *C-H  (82.7)  and  aC-Ar  (79.9)  of 
the  monomer  disappear  in  the  polymer. 

The  polymer  characterization  has  been  realized  by  gel 
permeation  chromatography  (GPC)  in  eluent  THF  using  the  standard 
methods  with  a  polystyrene  calibration.  The  GPC  was  also  carried  out 
coupled  to  light  scattering  and  refractive  index  measurements  (6). 


RESULTS  AND  DISCUSSION 


The  polymerization  results  are  given  in  the  table  I  for  different 
alkyl  length  n=l,  2,  4,  8,  16  using  the  "classic"  catalysts  M0CI5,  or 
WCl^  in  toluene  or  dioxane  as  solvent.  The  most  acbve  catalyst  is 
WClg  for  the  monomer  series  PEBCn,  a  good  polymerization  yield 
(60-96%)  and  high  molecular  weight  are  obtained  with  the 
WCl5/toIuene  mixture;  the  couple  WClg/dioxane  gives  a  lower  yield 
(40%)  with  R  =  1  and  S,  whereas  the  couples  MoCIs/toIucne  or 
MoCl5/dioxane  have  a  very  low  activity  for  the  PEBC„  series. 

All  the  polymers  of  the  pPEBC^  series  are  highly  soluble  in 
common  solvents,  such  as  toluene,  chloroform,  CH2CI2  •»!  THF.  The 
UV-visible  absorption  spectra  of  polyPEBC|5  in  THF  (flgurel)  exhibits 
a  large  absortion  band  in  the  visible  range  with  a  cut  off  at  about 
6(K)nm.  A  very  important  shoulder,  centered  on  450nm,  indicates  the 
presence  of  large  conjugation  lengths  in  the  polyacetylenic  chain.  A 
very  slight  change  in  the  deep  red  color  of  the  CH2CI2  solution  was 
detected  only  after  a  long  observation  period  of  several  weeks.  The 
conjugation  lengths  in  the  present  polyacetylene  backbones  are  much 
greater  than  in  the  cholesteryl  side-chain  derivatives  (3)  and  the  steric 
effect  of  the  phenyl  substituent  should  introduce  less  strains  in  the 
planar  chain  than  the  methylene  substituents.  A  deep  red  film  of  very 
good  optical  quality  was  obtained  on  a  silica  glass  by  dipping  in  a 
CH2CI2  solution  of  polyPEBC4  or  polyPEBCig. 

Another  interesting  point  lies  in  the  thermal  properties  of  these 
polyphenylacetylene  derivatives.  The  appending  of  flexible  side-chains 
on  a  stiff  polymer  chain  may  introduce  a  lowering  of  the  melting  point 
and  liquid  crystalline  behavior.  Therefore  the  flexible  chains  act  as  a 
"bond  solvent"  for  the  main  chain  (7).  For  the  polymer  samples  of  the 
PEBCn  series  no  liquid  crystalline  phases  can  be  observed,  but  a  direct 
transition  from  the  solid  to  the  liquid  phase  is  observed  at  the  very  low 
temperature  of  40°C  for  the  long  side-chain  derivative  (Cu),  whereas  a 
temperature  of  180°C  is  measured  for  the  short-chain  derivative  (C4  ). 

GPC  characterization:  From  the  coupled  on  line  GPC-light 
scattering  measurements  (GPC-LS)  on  the  poiyPEBC4  and  polyPEBC^ 
the  the  refractive  index  signal  versus  elution  volume  is  plotted  in  figure 
2.  The  dashed  line  represents  the  polyPF.BC4  chromatogram  and  the 
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continuous  line  the  polyPEBCig  chromatogram  The  shift  of  the 
maximum  of  the  polyPEBCa  curve  indicates  a  lower  molecular  weight 
than  that  of  the  derivative  (polyPEBCjs^  =  12.0  x  10^, 

polyPEBCa,  M*  =  7.2  x  10*).  While  the  two  polymers  are  obtained  in 
the  same  polymerization  conditions,  the  low  molecular  weight  of  the 
short  chain  polymer  may  be  due  to  the  "bond  solvent  effect”,  i.e.  the 
short  chain  does  not  give  enought  solubility  to  allow  the  high  molecular 
weight  of  the  Ci^  polymer. 

The  figure  3  represents  the  relationship  between  the  intrinsic 
viscosity  and  the  molecular  weight  for  the  polyPEBCa  and 
polyPEBCjg.  The  calculated  intrinsic  viscosites  [n],  calculated  from  the 
universal  law,  are  plotted  versus  the  molecular  weight  from  light 
scattering,  respectively  for  polyPEBC4  and  polyPEBCi^,  for 
cholesteryl  derivative  of  ref  (3)  and  for  the  polystyrene  standards.  The 
values  of  <(  in  the  Mark-Houwink.  equation  [9]  =  k  M*  estimated 
from  the  last  square  fit  of  the  logarithmic  representation  gives  <<  =  0.92, 
die  same  for  the  two  polyPEBCo  with  n=4  and  16.  This  value  is 
significantly  different  from  the  polyacetylene  with  cholesteryl  groups  at 
the  end  of  a  flexible  spacer  where  <4=  0.66. 

The  results  of  the  viscosity  law  imply  that  the  polyPEBC^ 
derivatives  are  more  rigid  than  the  previous  derivatives  with  a  flexible 
spacer  and  mesogenic  groups.  The  stacking  of  lateral  phenyl  rings 
increases  the  stiffness  of  the  backbone  and,  at  the  local  range,  the 
electrons  are  delocalized  over  a  longer  conjugated  length.  Nonlinear 
optical  measurements  on  the  thin  solid  films  of  the  polyPEBCg  series 
are  in  progress  in  order  to  confirm  these  results. 
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Table  1.  Polymerization  yield  of  different  lengths  of  side-chain  in  the 
monomer  series,  PEBCg^  by  diffent  catalyst/solvent  couples. 
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Figure  1.  UV-visible  absorption  spectra  of  polyPEBC|g  in  THE. 


Figure  2.  GPC  chromatograms  of  polyPEBC4,  and  polyPEBCj^^ 
respectively  dashed  line  and  continuous  line. 


Figure  3:  GPC  characterization  of  polyPEBC4  and  polyPEBCig  in 
THF,  intrinsic  viscosity  versus  molecular  weight  fqj  =  ffM*  • 
and  it  for  polyPEBC4  and  polyPEBCj^^  open  squares  for 
poly(cholesteryl  pentynoate)  (ref.3),  dashed  line  for  polystyrene. 
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Poled  polymer  materials  for  second-order  nonlinear  optics  have  be¬ 
come  the  subject  of  intense  interest  due  to  their  potential  application  as 
electro-optic  and  frequency  conversion  materials.  [1]  The  electric  field 
poling  process  is  necessary  in  order  to  break  the  center  of  symmetry  of 
the  polymer  so  that  it  can  exhibit  second-order  nonlinear  optical  effects. 
In  this  process,  dipolar  nonlinear  optical  moieties  which  are  incorpo¬ 
rated  in  the  polymer  rotate  through  the  coupling  of  the  dipole  to  the 
electric  field  when  the  polymer  is  in  a  state  tdlowing  the  rotation.  After 
the  dipoles  are  aligned,  the  polymer  must  be  put  into  a  state  where  the 
dipole  rotation  is  inhibited  in  order  to  minimize  the  orientation  decay. 

It  is  generally  assumed  and  found  that  in  the  rubbery  state,  the 
molecular  dipoles  associated  with  a  variety  of  nonlinear  optical  moieties 
exhibit  rotational  motion  consistent  with  that  found  in  liquids,  and  the 
nonlinear  optical  properties  follow  a  local  field  corrected  oriented  gas 
model.  In  this  model,  the  polymer  electric  polarization  is  related  to  the 
molecular  polarization  by  [2] 

PM  =  N{p,(t))„  (1) 

where  N  is  the  number  density  of  the  nonlinear  optical  moieties.  The 
angle  brackets  denote  that  a  statistical  average  over  the  molecular  ori- 
viKaiiuiis  is  f>erlorineu.  Thus,  ibe  second  order  suscepiibiiity  is  given 
by  [2] 

X.;t  =  !^0'uk  f  dQauajjaknG{il,Ef),  (2) 

where  is  the  local  field  dressed  molecular  nonlinear  optical  sus¬ 
ceptibility,  the  a„u  are  coordinate  transformations  from  the  molecu¬ 
lar  (UK)  to  the  laboratory  (ijk)  systems.  The  G(n,  £,)  is  the  poling 
field  dependent  orientational  distribution  function.  The  integral  can 
be  partially  evaluated  by  expanding  in  Legendre  polynomials,  Pt{cosO) 
yielding  for  the  nonlinear  susceptibility 


where  m‘  is  the  local  field  dressed  molecular  dipole  moment,  and  kT 
the  Boltzmann  factor.  The  values  (fj)  and  (/<)  are  microscopic  order 
parameters  which  are  statistical  averages  of  the  appropriate  Legendre 
polynomials.  These  order  parameters  describe  the  degree  of  axial  order 
of  the  molecule  in  the  polymer  due  to  forces  independent  of  the  poling 
field,  such  as  stresses  in  a  polymer  or  liquid  crystalline  forces.  This 
oriented  gas  model  has  been  shown  relevant  to  a  variety  of  polymeric 
and  stressed  polymeric  systems. 

This  oriented  gas  model  describes  the  static  behavior  of  the  orien¬ 
tation  in  the  polymer.  The  nonlinear  susceptibility  it  describes  will 
be  observed  just  after  the  poling  field  is  removed.  It  is  found  that 
the  nonlinear  optical  susceptibility  decays  with  time  due  to  relaxation 
processes  in  the  polymer.  (3,4,5,6,7]  In  addition,  the  process  of  poling 
is  a  dynamic  process  involving  a  time,  temperature,  and  electric  field 
program.  It  is  found  that  the  orientation  dynamics  depends  on  both 
time  and  temperature.  We  have  studied  the  nonisothermal  electric  field 
poling  process  as  well  as  the  subsequent  isothermal  decay  using  second 
harmonic  generation.  {8j 


Figure  1;  Electric  field  induced  second  heirmonic  generation  coefficient 
as  a  function  of  temperature  for  a  constant  heating  rate  of  1.7°C/min  for 
DRl /PMMA  system.  Line  is  function  fit  to  Equation  6  with  parameter' 
in  Table  I. 


TEMPERATURE  (K) 

Figure  2:  Isothermal  decay  of  the  second  harmonic  coefficient  for  a 
series  of  temperatures. 


TIME  (sec) 

Samples  were  prepared  by  dissolving  purified  Disperse  Red  1  dye 
(DRl)  in  polymethylmethacrylate  (PMMA)  to  10%  by  weight  in  a  com¬ 
mon  solvent,  and  spin  coating  thin  films  on  indium  tin  oxide  coated 
glass  slides.  A  double  electrode  structure  was  formed  by  placing  two 
of  these  films  face  to  face  and  fusing  them.  The  films  were  placed  in  a 
temperature  controlled  cell  in  a  second  harmonic  generation  apparatus. 
The  second  harmonic  intensity  from  a  1 .58  pm  fundamental  wavelength 
was  monitored  while  the  sample  temperature  was  heated  at  a  constant 
rate  with  a  30  V  potential  applied.  The  sample  was  then  cooled  to  a 
fixed  temperature,  the  potential  removed  and  the  electrodes  shorted. 
The  decay  of  the  second  harmonic  intensity  was  monitored  over  time. 
This  measurement  was  repeated  for  several  final  temperatures. 

The  data  during  the  heat  ramp  are  shown  in  Figure  1  where  the 
heating  rate,  h,  was  1.7°C/min.  The  data  for  the  isothermal  decays  are 
shown  in  Figure  2.  In  both  figures,  the  vertical  scale  is  the  square  root 
of  the  intensity  which  is  proportional  to  the  nonlinear  optical  polar¬ 
ization,  and  thus  the  second  harmonic  coefficient.  The  data  of  Figure 
2  cannot  be  fit  to  a  single  exponential,  a  biexponential,  or  a  simple 
single  diffusion  model.  The  data  suggests  behavior  consistent  with  a 
distribution  of  local  relaxation  rates.  These  relaxation  rales  wotild  be 
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Table  1:  Activation  energies,  A/k,  exponential  prefactors,  -Inxo,  and 
(lopes,  m,  and  intercepts,  b,  of  /3  versus  temperature  derived  from 
isothermal  decay  data  and  from  a  fit  of  temperature  ramped  EFISH. 


A/k  (1/K)  —In To  m  b 

Isothermal  decay  2.16  x  10<  -59.4  0.00317  -0.795 

Ramped  EFISH  2.22  x  10"  -57.  0.0033  -0.73 


determined  by  the  distribution  of  free  volume.  In  this  type  of  model, 
the  relaxation  would  follow  the  set  of  differential  equations  [9] 

^  +  ai(r)P.(t)  =  0,  (4) 

where  Pi{t)  is  the  nonlinear  optical  polarization  of  the  tth  relaxing 
lipole  with  relaxation  rate  cr,(J’)  in  the  distribution  of  temperature 
dependent  relrocation  rates.  The  relaxation  for  each  dipole  follows  a 
■imple  Debye  relaxation  for  a  local  relaxer.  A  continuous  distribution 
>f  relaxation  rates  can  be  described  in  a  variety  of  ways.  We  have  found 
t  convenient  to  describe  it  by  a  Williams- Watt-Kohlrausch  stretched 
•xponential  where  [10] 

P(t)  =  Poexpl-(a(T)t)»]  (5) 

vhere  the  parameter  0  describes  the  width  of  the  distribution. 

We  fit  the  data  to  the  relaxation  time,  r  =  l/o,  and  0  by  plotting 
n[— ln(de///do)]  versus  ln(t)  for  each  data  set.  The  width  parame- 
jtx  was  found  to  be  relatively  temperature  insensitive,  and  describes  a 
-ather  broad  distribution  for  this  material  system.  A  linear  tempera- 
ure  dependence  fit  the  data  for  0  with  the  regression  parameters  given 
n  Table  1.  The  relaxation  time  t  fit  well  to  an  Arrhenius  plot  with  the 
it  parameters  also  given  in  Table  1 , 

The  nonisothermal  temperature  ramp  data  would  follow  a  related 
lifferential  equation  for  each  relaxation  which  leads  to  the  following 
repression  for  the  temperature  dependent  poling  process  [9] 

/’(0  =  ^{i-exp[-(o(r)ff]}.  (6) 

vhere  P]  is  an  amplitude  constant  proportional  to  the  applied  electric 
ield.  With  a  constant  heating  rate,  h  (leading  to  T  =  hf),  and  again 
vith  the  relaxation  time  obeying  Arrhenius  behavior,  and  assuming  the 
vidth  parameter  0  linear  in  temperature  in  this  range,  we  fit  the  data 
>f  Figure  1  to  Eiquation  6  with  the  resulting  parameters  given  in  Table 
..  The  fitted  line  shown  in  Figure  1  describes  the  data  well  except  at 
ligh  temperatures  where  the  increased  space  charge  due  to  the  rise  in 
>olymer  conductivity  screens  the  poling  field. 

Examination  of  Table  1  reveals  that  both  experiments  result  in  the 
ame  phenomenological  parameters  indicating  that  the  dynamical  be- 
lavior  is  locked  in  during  the  poling  process.  Thus,  an  experimental 
•rogrrun  varying  the  poling  process  while  monitoring  the  susceptibility 
dll  directly  measure  the  expected  lifetime.  For  example,  a  poling  rate 
ending  to  a  higher  temperature  peak,  a  higher  glass  transition  temper- 
ture,  or  a  steeper  temperature  dependence  will  result  in  a  longer  lived 
■olarization.  This  was  directly  verified  for  a  side-chain  copolymer.  [8] 
Tlis  process  involves  a  rather  broad  distribution  of  local  Debye  relax- 
tkrn  rates  which  may  follow  Arrhenius  behavior.  The  exact  form  of 
be  distribution  which  governs  these  processes  cannot  be  discerned  from 
he  data  obtsuned  here,  due  to  a  limited  dynamic  range.  Typical  distri- 
'Utions  differ  most  in  the  distribution  tails.  The  rates  are  related  to  the 
otational  binding  forces  in  the  polymer  such  as  the  stearic  forces  be- 
ween  the  molecule  and  the  local  polymer  environment.  Understanding 
■f  the  underlying  physical  mechanisms  requires  further  sludj’. 
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Recent  experimental  studies^"^  have  Indicated  that 
second-order  nonlinear  optical  properties  of  doped,  poled 
amorphous  polymers  are  sensitive  to  the  basic  physics 
associated  with  polymers  In  both  glassy  and  rubbery  states. 
In  particular,  effects  of  temperature,  physical  a&lng, 
polymer  species,  and  dopant  size  have  been  documented. 
However ,  much  of  this  work^“^  was  performed  with  corona 
poling  which  complicates  the  analysis  of  th#'  second 
harmonic  generation  <SHG)  data  (often  reported  in  terms  of 
the  second-order  nonlinear  susceptibility,  as  the 

SHG  decays  reflect  a  complex  combination  of  effects  from 
corona  poling  (surface  and  space  charges)  and  polymer 
physics.^ 

In  the  work  reported  here,  contact  poling  has  been  used 
to  impose  a  noncentrosymmetrlc  orientation  of  an  SHG 
dopant,  4,4‘-dlniethylamlnonitrostllbene  (DANS),  In  poly- 
methyiuicthacrylate  (PMMA).  Preliminary  investigations  by 
us  and  others^  indicate  that,  in  contrast  to  corona  poling, 
contact  poling  (with  chrome  electrodes)  results  in  at  most 
small  effects  on  the  observed  SHG  decay  behavior,  i  e.,  the 
SHG  decay  may  be  ascribed  largely  if  not  exclusively  to 
polymer  physics  and  not  to  extraneous  poling  factors.  Based 
on  the  work  reported  here,  a  "two-phase"  model  has  been 
developed  to  explain  both  onset  (poling  field  on)  and 

decay  (poling  field  off)  results  in  terms  of  local  "liquid¬ 
like"  and  "glassy"  sites  surrounding  the  dopants.  Alter¬ 
native  formalisms^'*  are  available  for  Interpreting  at  least 
some  part  of  the  data  reported  here,  and  we  acknowledge  the 
Influence  these  formalisms  have  had  In  the  development  of 
the  model  presented  here. 

1  shows  the  effect  of  temperature  on  the  decay  of 
X  for  3  wt .  DANS  In  PMMA  when  the  poling  (SHG  onset) 
and  SHG  decay  measurements  are  done  at  the  same  temperature. 
This  figure  demonstrates  that  as  long  as  the  decay  Is  mea¬ 
sured  at  the  same  u-.inperature  as  used  in  poling  the  sample, 
regardless  of  being  In  the  glassy  (30^0  or  rubbery  state 
(115  C),  the  decay  of  x^^^  upon  removal  of  the  electric 
field  is  extremely  rapid,  resulting  In  total  loss  of  SHG 
signal  within  1.5  min.  Given  that  only  those  dopant  sites 
which  have  sufficient  mobility  and/or  local  free  volume  to 
allow  some  net  orientation  of  dopant  will  contribute  the 
signal  at  30  C  or  llS^^C,  once  the  electric  field  Is  removed, 
these  mobile  or  "llquld-llke"  sites  will  allow  rapid  randv.  ■. 
Izatlon  of  dopant  orientation.  As  the  x^^  observed  by 
pollng^at  30  C  Is  only  about  37Z  of  that  observed  by  poling 
at  IIS  C,  this  Indicates  that  only  a  fraction  o^  the  dopants 
are  in  llquld-llke  sites  In  the  macroscopic  glassy  state. 
Those  do: ants  not  In  llquld-llke  sites  may  be  described  as 
being  in  locally  "glassy"  sites. 

Using  this  two-site  formalism,  the  llquld-llke  site 
fraction,  f,  nay  be  determined  from  SHG  onset  and  decay 
data  assuming  that  the  llquld-llke  sites  obey  Boltzmann 
statistics.  In  terms  of  SHG  onset  data,  the  following 
equation  may  be  derived: 

f  =  (x'S’/x'I’xTq/Tr)  (1) 

where  Tq  and  T^  represent  poling  temperatures  tn  the 
macroscopic  glassy  and  rubbery  states,  respectively,  and 
H*q*/X^r^)  is  the  ratio  of  the  steady-state  x*^*  for 
samples  poled  at  Tq  to  that  for  samples  poled  at  T^.  For 
3  wt.Z  DANS  in  PMMA.  f  0.29  at  Tq  30^C. 


Similar  Information  on  f  may  be  obtained  from  SHG  decay 
If  j>oling  is  done  in  the  macroscopic  rubbery  state, 
followed  by  quenching  Into  the  macroscopic  glassy  state, 
followed  by  removal  of  the  electrjc  field.  Fig.  2  shows 
results  for  a  system  poled  at  115  C.  followed  by  quenching 
to  5S*^C,  followed  by  removal  of  the  field.  Assuming  that 
the  liquid-  like  sites  follow  Boltzmann  statistics, 

f  =  A'x'o’/x'l’xWTl*  <2) 

In  eqn.  (2).  ratio  of  obtained  after 

quenching  (with  the  field  still  applied)  from  the  already 
poled  rubbery  state  to  that  obtained  In  the  poled  rubbery 
state.  (This  ratio  Is  about  1.13  In  Fig.  2.)  A  Is  the 
fast  decay  fraction  of  the  x*^*  at  Tq. 

Regardless  of  the  details  of  how  A  Is  determined 
(biexponential  fit  or  relative  decay  of  x*^*  1-S  min  after 
removal  of  the  poling  field),  similar  values  of  A  are 
obtained.  For  the  system  In  Fig.  2^  A  =  O.Al  -  0.42 
resulting  in  f  =  0.39  to  0.40  at  SS  C.  When  samples  are 
poled  at  IIS^C  followed  by  quenching  to  30°C,  the  SHG  decay 
data  yield  f  =  0.27  to  0.289  at  30°C.  This  Is  In  excellent 
agreement  with  SHG  onset  results  at  30°C  which  yielded  f  = 
0.29.  This  suggests  that  this  model  holds  significant 
promise  in  explaining  the  relationship  between  SHG  onset 
and  decay  results  and  between  SHG  results  and  the  basic 
physics  of  doped  polymer  systems. 

Finally,  Fig.  3  illustrates  the  relative  x*^*  decays  of 
systems  poled  for  several  minutes  at  115  C  followed  by 
quenching  to  various  temperatures  In  the  macroscopic  glassy 
state.  In  contrast  to  previous  studies^  on  In-sltu  corona- 
poled  systems  which  did  not  allow  for  adequate  modeling  of 
the  x*^’  decays  by  a  Willlams-Watt  stretched  exponential 
(often  used  to  model  glassy  polymer  relaxations),  all  of 
the  data  in  Fig.  3  may  be  fit  with  the  Wllllams-Watt  model. 
Including  the  rapid  decay  features  at  t  <  l.S  min.  This 
further  indicates  that  careful  analysis  of  the  results  of 
contact-poled  samples  can  result  In  a  direct  understanding 
of  the  SHG  of  doped,  poled  polymers  and  the  governing 
polymer  physics. 
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Fig.  t.  Decay  of  upon  renoval  of  electric  field. 

Decays  are  measured  at  tKe  same  temperature 
used  in  poling  the  sample.  Normalized  x*** 
is  relative  to  x**’  vhen  the  electric  field 
is  first  removed.  (Applied  field  =  2.2  x 
10“  V/cm.) 


Fig.  2.  Normalized  x*^*  for  sample  poled  at  T  =  11S°C 
(0  <  t  <  S.7  min),  quenched  (with  the  field 
applied)  to  SS°C  (S.7  min  <  t  <  13.4  min), 
followed  by  removal  of  the  field  (t  >  13.4  min). 
(Applied  field  is  the  same  as  in  Fig.  1.) 


Fig.  3.  Decay  of  normalized  for  samples  poled  at 

115  C  and  quenched  to  various  temper  at  ut  es . 
(Applied  field  Is  the  same  as  in  Fig.  1.) 
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SECOND-ORDER  NLO  AND  RELAXATION  PROPERTIES 
OF  POLED  POLYMERS 

D.  Y.  Yoon.  D.  lungbnuer,  I.  I'craoka,  B.  Reck, 

R.  Zcmel,  R  I'wicg,  ,1.  I).  Swalcn,  and  (i-  WilRon 

IBM  Almadcn  Rcicarch  ('enter 
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Poled  amorphous  polymeric  matcrial.s  for  second-order  nonlinear 
optical  (NLO)  devices  have  been  intensely  investigated  in  recent  years, 
owing  to  their  advantages  over  conventional  inorganic  crystalline  NLO 
materials,  such  as  higher  figures  of  merit,  easy  processibility  into  thin 
films,  and  low  manufacturing  cost  However,  their  NLO  properties,  aris¬ 
ing  from  the  noncentrosymmciry  of  chromophores  achieved  by  electric- 
field  poling  above  the  glass  transition  temperature  T„  are  usually  subject 
to  thermal  relaxation  in  the  glassy  state. Hence,  initial  high  values  of 
their  nonlinear  optical  susceptibilities  tend  to  show  a  slow  decay  even 
at  ambient  temperature  well  below  7„  unless  prevented  by  extensive 
chemical  crosslinking. ^  * 

The  stability  of  the  poling-induced  alignment  in  linear  epoxy 
polymers  which  incorporate  one  end  of  each  Nl.O-active  moiety  to  the 
chain  backbone  was  recently  reported.'’  1  heir  stability  characteristics  were 
studied  in  detail  by  relating  the  decay  of  NLO  doubling  cocrficients  to 
the  measured  decay  of  birefringence  at  ambient  temperature  and  the 
dielectric  relaxation  results.  One  of  the  polymers  has  4-nitroanilinc  (NA) 
as  its  NLO-active  group,  designated  as  BLSA-NA  (see  Tig  1). 

Here  we  first  compare  the  NLO  and  relaxation  properties  of 
BISA-NA  with  a  new  linear  epoxy  NLO  polymer  of  the  same  chain 
backbone,  containing  relatively  long  rodlike  chromophores  of 
4-amino-4'-nitrotolanc  (ANL),  designated  as  BL'iA-ANT.’  It  has  nearly 
double  the  length  of  d-nitroanilinc,  and  its  a  electrons  can  be  extended 
over  the  full  length.  We  will  then  present  results  on  new  polymers  con¬ 
taining  nearly  twice  as  large  number  densities  of  substhuicd 
aminonitrotolane  NLO  moieties  as  that  in  BLSA-AN  l. 

Experimental 

The  detailed  characterbations  of  the  molecular  weights  of  BISA-NA 
and  BLSA-AN'f,  referenced  to  polystyrene  standards,  and  their  glass 
transitions,  determined  by  D.SO.  arc  also  shown  in  l  ig.  I. 
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Figure  1.  Molecular  structures,  molecular  weights  (referenced  to 
polystyrene  standards),  and  glass  transition  temperatures  of  BLSA-NA 
and  BISA-ANI  polymers 


1  he  nonlinear  optical  doubling  coefficients  t/i,  and  rf,,  for  the  second 
harmonic  generation  (Slid)  were  determined  from  Maker-fringe  meas¬ 
urements  for  incident  light  of  1.06  rim  wavelength  using  a  quart?,  refer¬ 
ence;  the  details  of  experiments  and  data  analyses  were  dcscrilxd 
previously.^- '  ^  A  Mctricon  P(i  2000  prism  coupler  was  used  to  measure 
the  refractive  indicics  for  .s-  and  p-polarizcd  light.  Temperature 
dispersions  of  the  dielectric  response  were  measured  in  the  heating  process 
at  lOOII?,  40011?,  Ikll?,  4kH/,  lOkll?,  40kH?,  and  100  kll?,  using  the 
111'  4274A  L('R  meter,  employing  the  heating  rate  of  1.0  ~  2.0  K/min. 

Further  details  of  our  experimental  setups  and  corona  poling  are 
described  elsewhere.^- '  * 

Nonlinear  Optical  Properties 

For  corona  poled  BISA-AN  1  polymer,  second  harmonic  generation 
at  fundamental  wavelength  of  1.06  rmi  gave  the  nonlinear  doubling  coef¬ 
ficients  i/n=:89  pm/V  and  <7, ,5:2.5  pm/V,  respectively,  from  the  analysis  of 
Maker-fringe  data.  These  values  of  the  nonlinear  susceptibility  arc  to  be 
compared  with  those  of  BLSA-NA  for  which  i7„^JI  pm/V.  Among  vari¬ 
ous  factors  which  determine  the  doubling  coefficients,  the  number  density 
of  NLO  moieties  is  almost  the  same  for  both  BISA-ANT  and  BLSA-NA. 
Also,  the  ground-state  dipole  moment  attached  to  the  NLO  moieties 
(4-amino-4'-nitrotolanc  or  4-nitro.anilinc)  should  not  be  much  different, 
since  its  magnitude  shows  only  a  slight  dependence  on  the  NLO  species 
when  they  belong  to  a  similar  class  of  NL(J  moieties.'”  It  appears  that  the 
larger  nonlinear  susceptibility  of  BISA-ANT  can  be  accounted  for  pri¬ 
marily  by  a  larger  molecular  hypcrpolari?ability  due  to  a  longer  conju¬ 
gation  length  and  a  larger  contribution  from  resonance  enhancement  in 
the  tolanc  moiety. 

Decay  of  Poling- Induced  Alignment 

As  discussed  in  detail  in  references  6  and  II,  the  change  in  poling- 
induced  alignment  can  be  followed  most  carefully  by  the  birefringence 
A/r,  defined  as  a  dilTcrencc  of  refractive  indices  between  the  TI;  and  I'M 
modes.  This  is  due  to  the  fact  that  the  linear  polari?ability  tensors  of  the 
NA  and  AN'V  moieties  have  their  principal  axes  parallel  to  the  permanent 
(ground-state)  dipole  axes.  The  birefringence  of  poled  BISA-ANT 
polymers  did  not  show  any  decay  in  two  weeks  at  room  temperature, 
whereas  the  BISA-NA  polymer  exhibited  a  considerable  decay  in 
birefringence  at  room  temperature  (see  Fig.  2).  So.  we  raised  the  temper¬ 
ature  to  100  "('  (still  below  7,  125  '’(')  and  obtained  a  decay  of  A/i, 

plotted  in  Fig.  2.  The  data  points  arc  well  fitted  by  a  stretched  exponen¬ 
tial  function  (Kohlratisch'^-Williams-W.Ttts'’  [KWW]  equation): 

Art(r)/An(0)  =  cxp[  -  (r/r)'’].  (|) 

with  parameters  t5:448  hrs  and  /?~0.446,  plotted  by  the  solid  line  in  the 
same  figure. 


Figure  2  Decay  chiiraclcristics  of  the  birefringence  An  at  611  nm  for  a 
poled  BLSA-NA  film  (a)  and  BLSA-ANl  lilrn  (b)  as  a  function  of 
annealing  time  at  room  temperature  niul  100  “C.  respectively;  this  decay 
IS  well  lilted  by  a  slrclchcd  exponential  (unciton,  Kolilraoscb-Willi.ams- 
Watts  equation,  shown  by  the  .solid  lines  with  the  relaxation  time  t- 
2,4<X)  hrs  and  the  broadening  index  /i  0  117  for  BISA-NA  and  r-  4.1S 
hrs  and  ft  0  44b  for  BLSA  AN  I 


in? 


lielectric  Relaxalion^ 

Temperature  dispersions  of  diclcclnc  relaxations  oflilSA-ANI  were 
leasurcd  froin  -10''i  to  20,5'’(’  upon  heating.  I’ig.  ^  shows  tcinpciaturc 
ispersions  of  the  dielectric  constant  t'  and  the  dielectric  loss  r"  I'oi  an 
npolcd  BISA-AN'f  film  of  l,7S  ^m  thickness  at  the  frequencies  indi- 
ated.  Two  dispersions  arc  observed;  the  relaxation  in  the  lower  tcnipcr- 
ture  range  below  /,  is  denoted  as  /?  relaxation,  and  the  higher 
:mpcraiure  relaxation  above  ItO'e'  '.vlih  a  large  dielectric  inclement 
i£  ~  7  is  designated  as  o  relaxation  according  to  the  wcll-cstahlishcd 
rocedurc.'* 


igure  3.  Temperature  dispersions  of  the  dielectric  constant  t'  and  the 
electric  loss  c  for  an  unpolcd  BISA-ANT  filtn  measured  in  the  licating 
■ocess.  The  frequencies  arc  100  Hz,  400  II/,  I  kHz,  4  kHz,  10  kll/  40 
Iz,  and  100  kllz. 


It  was  shown  previously  that  for  BISA-NA  the  peak  temperatures 
,  arc  shified  toward  lower  temperatures  by  at  least  .several  degrees  by  the 
oUng.*  rurthcrmorc,  this  tendency  was  niorc  conspicuous  for  thinner 
Ims,  probably  due  to  a  higher  electric  field  experienced  by  thinner  films 
I  a  corona  discharge.  However,  in  the  dielectric  relaxations  of 
LSA-ANT,  we  could  not  observe  anv  lowering  of  the  peak  temperatures 
le  to  the  poling.  In  Tig.  4,  circles  connected  by  solid  lines  represent 
ak  temperatures  7,  of  a  relaxation  for  the  unpolcd  BISA-AN  I  samples, 
the  .same  figure,  peak  temperatures  of  a  relaxation  for  the  poled  sam- 
:s  arc  .shown  by  .squares  connected  by  dashed  lines.  Different  lines  are 
r  different  samples  with  various  thicknesses.  All  of  them  show  peak 


[ur«  4.  Plot  of  log  (frcquciuy)  vs.  peak  temperature  7,  of  the 
persions  of  r"  for  the  n  relaxation  of  BI.SA  ANI.  Circles  connected 
solid  lines  and  squares  connected  by  dashed  lines  represent  those  o( 
poled  samples  and  poled  samples,  icspcctivciy. 


temperatures  of  VVI.I  -type.  VV'c  can  see  dearly  that  the  peak  temper¬ 
atures  of  the  poled  samples  arc  shifted  bv  several  degrees  towaril  higher 
temperatures  as  compared  to  the  unpolcd  samples.  I  his  is  in  rcmaikabic 
contrast  to  the  opposite  tendency  ohsened  for  poled  KI.SA-NA.  Also, 
there  was  no  significant  dependence  on  the  film  thickness  ranging  Ire- 
tween  1.2  /rm  and  10  ;/m  I  his  shows  that  the  poling-induced  alignment 
of  the  ANf  groups  is  not  accompanied  by  increased  mobility  On  the 
contrary,  the  poling  appears  to  reduce  the  mohility  of  NI.O  moieties  and 
raise  the  glass  transition  temperature 

Relaxation  Diagram 

Next  we  compare  the  lime  constants  of  the  dielectric  a  and  /i  relax¬ 
ations  of  poled  BI.SA-AN  I  with  those  of  the  decay  in  the  birefringence 
An  and  the  nonlinear  optical  susceptibility  cf,,  at  lOff’C.  In  l  ig  4  arc 
plotted  the  frequencies  of  both  a  and  /?  relaxations  of  a  poled  sample 
(circles  and  squares)  and  the  relaxation  frequency  associated  witlt  the 
birefringence  decay  (open  triangle)  against  UXKI/  /,  where  /'  is  the  abso¬ 
lute  temperature.  Ibc  relaxation  frequency  /,  associated  with  the 
birefringence  decay*  was  calculated  by  /,  =  l/hrrr,.  Also  shown  in  the 
same  figure  by  closed  triangle  is  a  rough  guess  of  the  relaxation  frequency 
/d  of  the  </)i  decay,  estimated  from  the  K  WW  equation  assuming  the  same 
value  of  /I  as  obtained  for  the  birefringence  data  and  fn  =  l/2jrTn.  (t,  and 
To  arc  the  relevant  relaxation  limes  in  the  KWW  equation  ).  In  fig.  4, 
it  is  clear  that  the  a  relaxation  is  well  extrapolated  to  the  birefringence 
decay  (and  the  decay);  the  solid  line  in  the  figure  is  for  eye-guide 


Figure  5.  Relaxation  frequencies  of  the  dielectric  a  and  fl  relaxation 
modes  (circles  and  squares)  and  the  relaxation  frequencies  associated  with 
the  siccay  in  the  birefringence  (open  triangle)  and  the  d„  (closed  triangle) 
for  poled  BISA-AN  I  arc  plotted  against  10011/7,  where  7  is  the  ahsoluic 
temperature. 

Discussions 

The  longer  pendant  NI.O  moiety  in  RISA-AN  f  is  responsible  for  the 
increased  glass  transition  temperature  by  40  as  compared  with  that 
of  BISA-NA.  More  importantly,  the  poling  does  apprear  to  decrease  the 
mobility  associated  with  the  glass  transition  for  UlSA-ANf,  while  an 
opposite  effect  was  found  for  BISA-NA  rhcrcforc,  it  seems  that  the 
poling  induces  more  than  alignment  of  NI.O  moieties  in  the  amorphous 
polymers,  po.ssibly  by  the  interaction  of  high  clcclrie  field  'vith  the 
electrostatic  forces  and  the  Maicr-Saupc  thermotropic  forces'*  bcwccn 
the  neighboring  NI.O  moieties.'*  In  this  regard,  the  ilecrcascd  mobility 
in  BISA-ANI  due  to  poling,  in  contrast  to  the  increased  mohility  in 
BISA-NA,  maybe  attributed  to  the  larger  polarizability  anisotropy  of  the 
ANT  moiety,  that  favors  prrallcl  alignment  of  adjacent  NI.O  moieties. 

(.'onststent  with  this  cotijecturc,  the  oligomers  with  double  the  tiuiii- 
ber  density  of  aminonilt ololanc  chromophotes,  prepared  by  reacting 
4-amino-4 -nitrotolanc  (AN  I )  with  the  diepoxy  containing  a  substituted 
AN'I  (sec  l  ig.  6a),  exhibit  a  smectic  liipiid  ciystallinc  sttucluic"  How 
ever,  this  liquid  crystalline  phase  can  be  supressed  by  the  incorpoialioii 
of  chemical  crosslinking  by  leacling  this  diepoxv  with  the  tctrafiinctiona! 
diamine  of  nitiololanc  (see  1  ig  rdt)  I  he  resuliant  poled  crosslinkcd 
polymer  exhibited  a  large  birciringciu  e,  as  large  as  ca  0  I  S  at  nm,  and 
little  decay  in  alignment  during  extentled  annealing  at  Rb  -  urt  lot  to 
days,  as  monitored  by  the  bircfringeiu e  tesiilts  shtiwn  in  I  igure  6  '' 
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Figure  6,  Schematics  of  the  chemical  structures  of  the  diepoxy  (a)  and 
diamine  (b)  both  containing  substituted  aminonitrotolane  NI.O 
ehromophorcs,  and  the  change  in  birefringence  of  the  poled  crosslinkcd 
polymer  prepared  by  the  two  reactants  of  l  igure  6,  measured  as  the 
sample  was  annealed  at  SO  °C  for  ca.  10  days  followed  by  annealing  at 
90  °C  for  additional  ca.  14  days. 
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Introduction 

nbomogeneous  composites  of  semiconductor  or  metallic  microstructures 
flcr  new  opportunities  for  studying  optical  nontincaritics  as  functions  of 
ize  and  volume  fraction  of  the  nonlinear  material  and  guest^ost  chemical 
omposition.  Such  studies  can  be  combined  with  examinations  of  composite 
laterial  properties  including  mechanical,  chemical  and  optical  stability  that 
re  in^3ortant  for  long  term  applications.  Recent  research  has  explor^  the 
ossibility  that  enormous  enhancements  in  cubic  susceptibilities  can  be 
greeted  firmn  inclusions  of  Rayleigh  limit  (<200  A)  metallic  spheres.i'l 
te  enhancement  is  accomplished  by  increasing  the  local  field  within  the 
nticle  by  exciting  surface  plasmon  resonances.  Quantum  mechanical  i^l 
id  mean-field  (effective  medium)  theoriesl^l  have  emerged  to  describe  the 
iqxmse  of  the  particle  or  the  composite.  Degenerate  four  wave  mixing  has 
sen  the  dominant  spectroscopic  probe  of  media  ranging  from  water, 
sladn  or  glass.  We  have  chosen  to  study  the  third  order  response  of  a 
ocessiblc  poly(methylmethacrylate)  (PMMA)  composite  consisting  of 
ib-8  _nm  diameter  silver  spheres  dispersed  in  PMMA.  We  introduce  a 
;w,  intrinsically  clean  batch  technique  for  preparing  the  composite  by 
spositing  atomic  silver  into  solutions  of  the  polymer. 

legraied  nonlinear  optical  devices  such  as  Mach-Zehnder  interferometers 
4  directional  couplers  rely  on  the  electrooptic  effect.  These  devices  can 
!  made  from  materials  with  third  order  nonlineanties.  For  our 
vesdgations,  a  quadratic  electrooptic  phase  naoduladon  technique  was 
ed  to  explore  the  nonlinear  response  of  the  medium.  QEO  phase 
oduladon  spectroscopy  appears  to  probe  the  electronic  response  of  the 
rface  of  the  spherical  particles  because  the  modulated  DC  field  cannot 
sietrate  the  interior  of  the  silver  spheres.  The  polarization  relevant  to  the 
Aical  Kerr  effect  would  then  be  non-zero  only  at  the  surface  of  the  sphere, 
the  {nesent  work,  we  show  that  the  off-resonant  third  order  susceptibility 
a  dilute  dis]^ion  of  metal  spheres  in  the  polymer  is  much  larger  than 
e  susceptibility  of  pure  PMMA  and  may  be  attributed  to  electronic 
citations  of  the  metal. 


Experimental 

»c  PMMA  host  was  selected  because  it  is  optically  transparent  in  the 
gion  of  interest  in  this  experiment,  it  is  commonly  used  to  make  optical 
^05,1^  and  it  is  a  macroscopically  rigid  material  suitable  for  stabilizing 
ver  particles  against  agglomeration.  PMMA  (Aldrich,  M,j,  =  5x10^)  was 
rifled  by  reprecipitation  3  times  from  tetrahydrofuran  (THF)  into 
hydrous  methanol.  The  polymer  was  then  dried  at  room  temperature 
der  vacuum. 

easurenKnt  of  the  third  order  susceptibility  relies  on  a  Mach-Zchnder 
erferometric  technique.  Because  high  electric  fields  are  used  to  modulate 
:  refractive  index  of  the  sample,  conventional  methods  for  producing 
ver  colloids  that  lead  to  adventitious  charged  species  cannot  be  used, 
dead,  atomic  silver  was  evaporated  quantitatively  Into  cold,  turbulently 
xed  organic  solvent  solutions  of  PMMA. 1^1  The  procedure  yields  silver 
janosols  and  PMMA/Ag  composites  directly .1*1 

ver  rod  (99.998%)  was  obtained  from  Johnson-Mathey.  The  metal  was 
qxrrated  from  a  Sylvania  alumina  coated  tungsten  strand  spiral  crucible 
S1007).  A  quartz  crystal  microbalance  positioned  nearby  was  used  to 
witor  the  Ag  deposition  rate.  Atomic  silver  was  vaporized  over  periods 
0.75-2  h  into  2(X)  ml  volurtKS  of  2-5%  w/v  solutions  of  PMMA  in  THF, 


cooled  to  150  K  in  an  evacuated  rotatable  glass  cryostat.  The  rate  of  Ag 
evaporation  was  held  constant  from  run  to  run.  The  total  loading  in  the 
polymer  depended  on  the  duration  of  the  evaporation.  Particles  grew  to  a 
maximum  size  of  IS  nm  by  diffusion  and  aggregation  in  the  liquid  orgaiuc 
medium.  Typically,  enough  metal  was  evaporat^  to  give  metal  loadings  in 
the  PMMA  of  less  than  0.1%.  The  resulting  golden-yellow  silver  organosol 
was  filter-cannulated  at  150  K  through  a  column  of  Celite  A  (4x5  cm)  held 
in  a  special  low-temperature  filter  flask.  Pressurized  argon  was  used  to 
force  the  liquid  through  the  Celite.  A  500  ml  Schlenk  flask  maintained  at 
200  K  collected  the  filtrate.  Solvent  was  removed  with  a  rotary  evaporator 
over  a  period  of  2  h,  while  the  flask  warmed  gradually  to  273  An 
intensely  colored  orange  to  red-orange  solid  polymer  film  eventually 
deposit^  on  the  walls  of  the  Schlenk  tube.  The  PMMA/Ag  composite  was 
removed  from  this  container  in  an  argon-filled  (<  2  ppm  (y  dry-box.  The 
composite  could  be  reversibly  dissolved  in  THF  and  propylene  glycol 
methyl  ether  acetate  (PGMEA)  with  no  evidence  of  decomposition  or 
aggregation  of  the  metal  particles. 

Electronic  absorption  spectra  were  collected  from  solid  films  or  solution  of 
the  composite  in  orgaruc  solvents.  Matupulations  were  conducted  in  a  clean 
room.  iW  the  QEO  measurements,  a  robust  sample  ceU  was  fabricated. 
Solid  PMMA/Ag  composite  was  dissolved  in  PGMEA  to  give  a  final 
concentration  of  15%  w/v.  An  aliquot  of  the  solution  was  filtered  by 
syringe  through  a  0.2  micron  membrane  and  deposited  onto  a  glass  plate 
patterned  with  transparent  indium-tin-oxide  (ITO)  electrodes.  A  3  micron 
thick  film  was  spun  from  this  solution  and  baked  at  373  K  to  renwve 
PGM^.  Two  ^uare  sections  were  cut  from  the  plate,  overlapped  and 
compressed  in  an  oven  programmed  to  cycle  the  sample  twugh  a 
temperature  ramp  from  298  K  to  well  above  the  glass  transition  of  the 
polymer  (403  K).  This  thermal  treatment  bonds  the  ITO  plates  into  a 
sandwich,  providing  a  nearly  hermetic  environment  for  smdy  of  the 
polymer-metal  composite. 

The  third  order  nonlinear  optical  susceptibility  was  determined  with 
electrooptic  phase  modulation.  The  sample  was  placed  in  one  atm  of  a 
Mach-Zchnder  interferometer  with  the  film  pctpcncUcular  to  the  laser  beam. 
The  electric  field  polarization  was  in  the  plane  of  the  film  while  the 
modulating  field  was  applied  with  the  transparent  ITO  electrodes 
perpendicular  to  the  film  plane.  The  experimental  layout  has  been 
previously  discussed. The  phase  modulation  results  in  an  intensity 
modulation  of  the  light  out  of  the  interferometer.  An  apenured  silicon 
detector  collected  the  light  and  the  output  was  sent  to  a  lock-in  amplifier.  A 
computer  controlled  interface  was  used  to  measure  the  amplitude  of  the 
modulated  beam  at  both  the  modulating  frequency  and  at  twice  the 
modulating  frequency  as  a  function  of  phase  difierence  between  the  two 
arms  of  the  interferometer.  The  relationship  between  the  measured 
interferograms  and  the  third  order  susceptibility  is  described  in  detail 
elsewhere.Nl'l^l 

Results  and  Discussion 

Figure  1  shows  a  linear  absorption  spectrum  of  the  silver  spheres  embedded 
in  a  thin  film  of  the  polymer.  The  absorption  profile  is  characteristic  of  the 
dipolar  surface  plasmon  mode  of  small  silver  particles  in  a  dielectric  hosti^l 
The  arrow  at  633  nm  locates  the  frequency  of  the  He-Ne  laser  used  in  the 
electrooptic  irxxlulation  experiment.  The  absorption  spectrum  is  fairly  well 
reproduced  by  the  Maxwell-Garnet  expression!*!  for  the  absorption 
coefficient  of  the  PMMA/Ag  composite  tnedium.  The  expression  requires 
that  the  bulk  dielectric  function  of  silver  be  weighted  by  the  distribution  in 
particle  size,  and  that  the  imaginary  part  of  the  dielectric  function  be 
corrected  for  the  reduced  mean  free  path  of  the  conduction  electrons.  Figure 
2  shows  the  particle  size  distribution  determined  from  electron  micrographs 
of  films  containing  0.045  weight  %  of  silver  in  PMMA.  Before 
compression,  the  microspheres  are  observed  to  be  associated  into  clusters 
that  are  for  the  most  part  non-contiguous.  After  compression  they 
aggregate  and  evolve  into  somewhat  larger  sized  particles.  The  bright  field 
image  of  the  silver  particles  showed  that  they  are  OTuped  in  colonies  of 
200  to  500  non-overiapping  spheres,  some  of  which  exhibit  dark  bands 
from  twin  dislocations  and/or  stacking  faults.  The  colonies  are  separated 
over  distances  greater  than  100  nm.  The  mean  particle  size  before 
processing  between  the  ITO  patterned  plates  is  7.9  nm,  with  a  standard 
deviation  of  3.6  nm.  After  processing  we  observed  that  both  the  average 
particle  size  and  also  the  number  density  of  particles  increased.  The  colloid 
was  then  more  evenly  distributed  throughout  the  PMMA  matrix.  This 
suggests  diffusion  and  growth  of  spheres  smaller  than  2  0  nm  in  diameter 
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when  the  medium  is  annealed  above  the  polymer  glass  transition 
temperature. 

The  film  thickness  in  the  sandwich  was  d  =  6.8x10"*  microns  and  the  light 
intensity  at  the  detector  at  twice  the  modulating  fr^uency  (fl  =  4.0kH2)  is 
shown  as  a  function  of  phase  difference  in  Figure  3  for  an  R.M.S. 
modulating  voltage  of  VRf^S=83.4  V.  The  arrows  show  the  phase 
difference  where  the  modulating  efficiencies  are  expected  to  be  the  grMtest 
as  determined  from  the  phase  difference  dependence  of  the  light  output 
from  the  interferometer  with  no  modulation. 


In  summary,  we  have  used  quadratic  electroopdc  modulation  to  measure  the 
nonresonant  third  order  susceptibility  of  a  composite  medium  con^irising 
Rayleigh-limit  silver  particles  dispersed  in  PMMA.  The  mechanism  of  the 
nonlinearity  is  consistent  with  electronic  effects  intrinsic  to  the  metal. 
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The  measured  value  of  the  quadratic  electrooptic  coefficient  of  the 
composite  is  $1133  =  2.0  (±0.5)xl0"^m2-V"2.  A  similar  measurement  of 
pure  PMMA  snows  that  the  coefficient  is  smaller  than  S]i33  =  4.2 
(±0.5)xlO"23m2-V"2.  The  laser  waveleng^  of  both  measurements  was  at  X 
=  633nm,  located  away  from  the  abso^tion  maximum  at  X  =  435nm  (see 
Rgure  1).  Although  the  enhancement  is  expected  to  be  much  smaller  here 
than  for  a  resonant  measurement,  the  third  order  susceptibility  of  the 
composite  at  low  levels  of  loading  (0.04S  weight  %  or  a  volume  fiction  of 
f  =  4.5  X  10"^)  was  at  least  5  times  larger  than  that  of  undoped  PMMA. 

Ricaidl*!,  Hachet^l  and  coworkers  consider  two  mechanisms  that  produce 
a  third  order  susceptibility  in  plasraon-cnhanced  optical  phase  conjugadon; 
an  enhanced  electronic  suscepdbility  from  the  metal  and  an  enhanced 
susceptibility  of  the  dielectric  host.  They  conclude  that  the  nonlinear 
response  is  dominated  by  the  electrons  in  the  metal  particles.  More  recent 
studies  indicate  that  conjugate  reflectivity  relaxation  times  depend  on 
particle  size  through  a  temperature  dependent  contribution  to  the  third  order 
susceptibility.  This  effect  appears  to  be  limited  to  particles  having  diameters 
S  15  nra.  We  consider  the  former  two  effects  in  the  off-resonant  quadratic 
electrooptic  measurement  of  silver-doped  PMMA.  The  enhancement  of  the 
square  of  the  modulating  field  in  the  polymer  host  at  low  loading  pves  an 
expression  that  is  similar  to  the  average  dielectric  function  as  predicted  by 
Maxwell-Gamet  theory,  and  is  of  the  form 

E^av  =  E^gjl  -h2/3f[e-l/e-H2]2l 

where  E.y  is  the  average  field  amplitude.  Eg  the  field  with  no  metal,  f  the 
volume  fraction  of  the  metal,  and  e  is  the  composite  medium  dielectric 
function.  Here  the  modulating  frequency  is  far  away  from  the  plasmoh 
resonance  and  f  is  so  small  £„  Eo  there  is  little  enhancement. 
Because  the  third  order  suscepobility  of  PMMA  is  much  smaller  than  the 
measured  susceptibility  of  the  composite,  enhanced  host  effects  can  not 
account  for  the  signal.  However,  there  are  several  mechanisms  that  can 
produce  an  electric  field  dependence  of  the  refractive  index.  These 
include  electrostriction,  trapped  charge  movement,  electrode  attraction,  and 
heating.  We  have  eliminated  these  sources  as  causes  of  the 
modulation  .  Our  resistivity  measurements  revealed  the  current  response  of 
the  sample  to  be  independent  of  He-Ne  laser  illumination,  Photoclectrons 
therefore  do  not  contribute  to  the  signal.  Electrostriction  effects  are 
calculated  to  contribute  5  x  10'2*  m^-v^  to  S 1 133,  and  so  cannot  account  for 
the  response.  The  electrooptic  measurement  is  less  sensitive  to  heating 
effects  than  a  pulsed  nanosecond  pump-probe  experiment.  The  heating 
contribution  to  the  Kerr  coefficient,!^  ■*4433’  <ypical  modulating 
frequencies  of  4  MHz  is  less  than  0.3  x  10"^  m^  V"2.  Electrode  attraction 
also  cannot  explain  the  presence  of  signal.  The  interferometric  experiment 
is  sensitive  to  changes  in  sample  dimensions  through  a  change  in  phase  of 
the  light.  Indeed,  determinations  show  that  the  contribution  to  8)133 
eieetp^  attraction  can  dominate;  however,  motion  of  the  polymer  film  is 
strongly  clamped  by  the  heavy  mass  of  the  electrodes  and  the  contribution 
due  to  changes  in  path  length  turns  out  to  be  smaller  than  the  nonlinearity  of 
undoped  PMMA. 

The  third  order  susceptibility  calculated  from  the  quadratic  electrooptic 
coefficient  is  X®)n3  “  2.4xl0"^esu.l’l  Using  optical  phase  conjugation 
techniques!'!,  a  third  order  susceptibility,  enhanced  at  the  maximum  of  the 
plasmon  absorption,  was  calculated  to  be  X^^*U33  =  1.6xl0-*^csu.!*l  The 
enhancement  factor  as  determined  by  the  quotient  of  the  phase  conjugation 
measurement  and  our  measurement,  is  8. 5x10*  when  the  difference  in 
concentration  between  the  two  samples  is  taken  Into  account.  This 
compares  favorably  with  the  predicted  enhancement  factor  of  3.6x10*.!’! 
The  difference  in  the  enhancement  factors  may  be  accounted  for  if  the  QEO 
experiment  is  most  sensitive  to  changes  at  the  surface  of  the  spheres.  We 
are  presently  examining  this  possibility.  Precluding  any  other  nonlinear 
mechanisms,  it  appears  likely  that  the  resonant  measurement  results  from 
the  electronic  mechanism  in  the  metal  as  predicted  from  Maxwell-Gamet 
theory  as  applied  to  the  third  order  dielectric  function. 
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Fig.  1  Linear  absorption  spectrum  of  the 
dipolar  surface  plasmon  mode  for  silver 
spheres  in  PMMA.  Arrow  marks  He-Ne 
wavelength  used  in  the  QEO  experiment 
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Fig.  3  Electrooptic  modulation  as  a  function 
of  phase  difference  between  two  arms  of  the 
interferometer.  Arrows  show  positions 
where  phase  difference  is  expected  to  he  a 
maximum. 
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Introduction 

Polymeric  photoretractive  materials  offer  a  number  of  potential  advan¬ 
tages  over  inorganic  ones,  particularly  low  cost  of  components,  low  dc 
dielectric  constant,  ease  of  fabrication,  and  compatibility  with  integrated 
optics.  However  until  recently,''^  no  such  materials  were  available. 
This  paper  describes  an  approach  to  formulating  polymeric 
photoretractive  materials,  presents  data  which  demonstrates  the 
photoretractive  effect  and  discusses  the  differences  between  the  mech¬ 
anisms  involved  in  amorphous  organic  materials  and  in  crystalline 
Inorganic  materials.^ 

Photorefraction  occurs  in  certain  materials  which  both  photoconduct 
and  exhibit  second-order  optical  non-linearity.  The  effect  arises  when 
charge  carriers,  photoexcited  by  a  spatially  modulated  light  intensity, 
separate  to  produce  a  non-uniform  space  charge  distribution.  The 
resultant  space  charge  field,  via  the  electro-optic  effect,  then  modulates 
the  refractive  index  to  create  a  phase  grating  which  can  diffract  a  light 
beam. 

The  formulation  of  a  photorefractive  polymer  therefore  requires  the 
combination  of  chemical  species  to  perform  four  physical  functions: 
charge  generation,  charge  transport,  trapping  and  optical  non-linearity. 
We  have  chosen  to  use  polymers  which  contain  covalently  bonded 
non-linear  chromophores.  and  to  dope  them  with  small-molecule  charge 
transport  agents.  Second-order  non-linearity  is  achieved  by  poling,  i.e. 
aligning  the  dipolar  chromophore  in  an  electric  field.  Thus  the  polymer 
provides  both  the  charge  generation  and  the  second-order  non-linearity; 
charge  transport  occurs  via  the  dopant  molecules;  trapping  sites,  al¬ 
though  not  deliberately  added,  turn  out  to  be  sufficiently  abundant  in 
this  amorphous  medium.  The  experimental  proof  that  materials  formu¬ 
lated  in  this  way  behave  as  expected  relics  on  a  combination  of  ab¬ 
sorption,  photoconductivity,  electro-optic,  and  four-wave  mixing  mea¬ 
surements. 

It  should  be  noted  that  transport  molecule  doping  of  a  non-linear  pol¬ 
ymer  is  not  the  only  conceivable  approach.  One  might  instead  dope 
a  charge  transporting  polymer  with  a  non  linear  small  molecule,  or 
both  species  might  be  made  part  of  the  polymer  structure.  In  addition, 
the  photorefractive  response  could  be  optimised  by  addition  of  a  more 
efficient  charge  generation  dye  or  pigment  (sensitizing  agent^)  and  of 
trapping  sites  for  the  charge  carriers  Our  early  attempts  to  achieve 
photorefraction  did  employ  all  four  ingredients,  but  since  only  two  are 
sufficient,  we  have  concentrated  on  more  complete  characterization  of 
the  simpier  system. 


Materials 

To  date,  we  have  results  on  four  combinations  of  two  different  non-linear 
polymers  and  three  hole  transport  agents.  The  polymers  (see  Figure 
1)  are  diglycidylether  derivatives  of  bis-phenol-A  or  nitroaniline  partially 
crosslinked  with  non-linear  chromophores  which  are  nitroaniline  de¬ 
rivatives.  The  molecular  dopants  are  hydrazones,  which  because  of 
their  low  oxidation  potentiais  and  extended  ^-electron  systems,  are 
hole  transport  agents. 


Figure  1:  Polymers  and  transport  molecules  studied  in  this  work 

Polymer  biftders  are  (A)  bisA-NPDA  artd  (B)  NA-APNA.  Crosslinktng  occurs  at  the 
multlfurtctional  amines  The  transport  molecules  are  (C)  DEH.  (D)  DENH.  and  (E)  DECH. 


As  a  particular  example,  we  report  here  data  for  the  combination:  DEH 
in  bisA-NPDA.*‘®  The  component  materials  were  dissolved  in  propylene 
glycol  monomethyl  ether  (or  its  acetate)  in  various  weight  ratios  and 
films  cast  by  either  spin  or  draw-bar  coating  techniques.  For  the  thick 
(several  hundred  micron)  films  required  for  demonstration  of  grating 
formation,  a  special  coating  technique  was  used:  the  solution  was  fed 
drop-wise  onto  a  two  heated  ITO-glass  slides,  with  partial  drying  be¬ 
tween  drops,  and  30  minutes  of  further  drying  and  curing  at  95°C  when 
sufficient  materia!  had  accumulated.  Then  Hie  two  glass  slides  were 
pressed  together  to  form  a  sandwich  structure  with  electrodes  on 
either  side  of  the  polymer.  Crosslinking  of  the  epoxy  groups  was 
deliberately  limited  by  ensuring  that  the  samples  never  exceeded  95°C. 
Such  light  curing  retains  considerable  molecular  motion,  and  permits 
alignment  of  the  non-linear  moieties  by  an  external  electric  field.  Thus 
it  is  possible  to  switch  on  and  off  the  electro-optic  response. 


Experiments  and  Results 

Photoconductivity  was  measured  by  two  different  techniques.  First,  a 
conventional  two  electrode  sandwich  arrangement  was  used  to  deter¬ 
mine  the  conductivity  change  resulting  from  illumination  with  a  dye 
laser.  Second,  the  rate  of  decay  of  a  corona-deposiled  surface  charge 
was  measured.  This  second  method  gives  a  much  more  accurate 
determination  of  the  conductivity  at  low  intensity,  and  eliminates  the 
possibility  of  sample  healing.  There  was  no  significant  difference  be¬ 
tween  the  results  from  the  two  methods. 

•12 

The  photoconductivity  increases  with  concentration  of  DEH,  up  to  10 
(Ucm)  *  per  W/cm^  at  30%  by  weight,  and  its  spectral  response  follows 
the  absorption  spectrum  of  the  NPDA  chromophore  Therefore  we 
conclude  that  NPDA  is  acting  as  the  charge  generation  material,  with 
transport  occurring,  as  expected,  via  the  DEH  dopant  molecules. 

The  electro-optic  coefficient  (r  =  ri3cos^oo  +  r33sin^flro  where  ao  is  the 
angle  between  the  direction  ol  propagation  and  electric  field)  was 
determined  in  a  Mach-Zehnder  interferometer,  reaching  90%  of  its 
long  term  value  within  a  few  minutes  This  response  can  be  attributed 
to  the  time  required  to  establish  equilibrium  dipolar  orientation  of  the 
NLO  chromophore.  The  steady-stale  eleclro-opln  coefficient,  plotted 
as  (n^r)  at  each  value  ol  applied  elec.lnc  field  is  shown  in  Figure  2 
(right  abscissa). 


107 


2.5 


0  40  80  120 


Eq  (kV/cm) 

Figure  2;  Electro-optic  coefficient  end  diffraction  efficiency  aa  a  function  of  applied 
electric  field 


The  inset  shows  the  ratio  of  Ihe  two  quantities.  The  line  is  the  fit  described  in  the  text. 


Thus  three  of  the  tour  properties  necessary  for  photorefraction  are 
established  by  independent  measurements,  namely  charge  generation, 
transport  and  electro-optic  response.  We  have  no  independent  measure 
of  the  trapping,  but  this  is  provided  by  the  photorefractive  effect  itself, 
generated  as  follows.  Two  coherent  writing  beams  (wavelength  i  = 
647  nm)  were  Incident  on  the  sample  (e  g.  thickness  L  =  350  /<m. 
between  electrodes)  at  angles  30°  and  60°  on  the  same  side  of  normal, 
such  that  the  resulting  grating  had  a  component  of  its  normal  along 
the  electric  field.  This  geometry  is  necessary  in  order  that  the  applied 
field  assist  in  separation  of  photogenerated  charges.  A  third,  p- 
polarized,  reading  beam  counterpropagated  along  the  60°  beam,  and 
the  fraction  if  of  its  intensity  diffracted  (at  an  angle  given  by  Ihe  Bragg 
condition)  determined.  The  diffraction  efficiency  is  shown  in  Figure  2. 

The  standard  theory®  of  diffraction  for  a  phase  grating  gives 
If  =  (g)nl.  An/ 2)^  (where  gr  is  a  known  geometric  factor).  The  index 
modulation,  due  to  the  electro-optic  effect,  is  proportional  to  the  space 
charge  field,  (An  =  VinVeff  Ej^)  The  effective  electro  optic  coefficient 
(rgff)  depends  on  the  geometry  For  diffus^.jn  only,^  Ejc  has  a  value 
E^^kgkTIo  (where  kg  is  the  grating  wavenumber,  and  k,  T,  ande  are 
Boltzmann's  constant,  temperature  and  electric  charge),  and  on  the 
ratio  of  r^a  to  r33.  The  space  charge  is  enhanced  by  drift  in  the  externally 
applied  field,  with  a  component  fog  along  kg.  In  Ihe  standard  model.^' 


[y+Af  +  A^iEoglEg]^ 

Fitting  the  ratio  permits  the  determination  of  the  trap 

density  Nt  =  kgCCekT I Ae^  ~  2x  10"’®  cm  ®,  with  r  =  29  Ihe  dielectric 
constant.  In  an  applied  field  of  126  kV/cm  Ihe  space  charge  field 
reaches  26  kV/cm. 


Preliminary  results  for  several  other  material  combinations  are  pre¬ 
sented  in  Table  1. 


If  is  observed  that  the  external  field  is  required  for  generation  of  a 
delectable  diffractive  grating.  However,  once  Ihe  grating  (i.e.  Ihe  space 
charge  field)  is  established  the  diffracted  signal  switches  on  and  off 
with  field  induced  poling  of  the  sample  (independent  of  Ihe  sign  of  Ihe 
polarization)  demonstrating  that  Ihe  electro-optic  response  is  also  a 
necessary  component  of  the  diffraction  Finally,  the  diffraction  grating 
is  erased,  most  readily  in  an  applied  field,  by  uniform  illumination 
These  features,  together  with  the  independently  measured 
photoconductivity  and  electro-optic  response,  prove  that  Ihe  diffraction 
observed  is  due  to  Ihe  photorefractive  eflerl  anti  not  to  some  other 
mechanism  such  as  pholochromisrn,  photochemical  bleaching  or 
isomerization 


Material 

Property 

bisA-NPDA 

/DEH 

bisA-NPDA 

/DENH 

bisA-NPDA 

/OECH 

NA-APNA/ 

DEH 

10*’^ 
(Ilcm)  '  / 
Wcm~^ 

0  06-12  0 

0  02  0  7 

0  ,'^3 

0  2-2  8 

n\  (pm/V) 

0  1-5 

0  2-1 

0  15-1  2 

1  4-17 

4  X  10  to 

10'^ 

9  .  in  ^ 

1  2  *10® 
lo  1  *  10® 

at  field 
(kV/cm) 

125 

110 

110 

85 

Table  1*.  Photoconductivity,  electro-optic  and  diflraction  efficiency  data  for 
several  materials  combinations 


Discussion 

Several  of  Ihe  details  of  the  photorefractive  mechanism  must  be  dif¬ 
ferent  in  these  organic  polymers  than  in  the  inorganic  crystals  studied 
most  extensively  to  date.®  Charge  generation  is  expected  to  be  highly 
field  dependent,  with  Onsager  behavior®  modified  by  the  hopping  trans¬ 
port  in  the  surrounding  matrix.  The  mobility  is  relatively  low  (e.g.  DEH 
in  polycarbonate  has  a  mobility  of  10'^  to  10"®  cm®/Vs  for  this  concen¬ 
tration  range  at  room  temperature®)  and  may  set  a  limit  to  the  speed 
of  response.  Traps  have  not  been  deliberately  added  to  the  materials 
discussed  here,  but  are  presumably  provided  by  defects  intrinsic  to 
the  amorphous  state.  Lastly,  Ihe  second-order  nonlinearity  appears 
only  when  the  polymer  is  poled  to  break  its  inversion  symmetry.  In 
this  work,  we  have  taken  advantage  of  ability  to  turn  the  polarization 
on  and  off  in  a  material  with  a  low  glass  transition  temperature.  The 
dipolar  relaxation  is  highly  dispersive.  It  is  also  possible  to  freeze  in 
permanent  polarization  by  fully  curing  Ihe  epoxy  in  the  presence  of  an 
electric  field®  or  by  using  other  optically  non-linear  binders  poled  above 
a  high  glass  transition  temperature. 
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INTRODUCTION 

Organic  molecules  with  conjugated  n-bonds  connecting  electron- 
donating  to  electron-withdrawing  groups  possess  large  hyperpolarizabilies 
(p).  EfiRcicnt  second-harmonic  generation  (SHG)  becomes  possible  only  if 
such  molecules  are  arranged  in  a  non-centiosymmetric  fashion.  Past  ap¬ 
proaches  to  st^ch  arrangement  used  materials  which  spontaneously  form 
oon-centrosymmetric  crystals  or  liquid  crystals,  or  which  have  been  "poled" 
in  strong  electric  fields;  or  oriented  thin  films,  self-assembled  or  deposited 
with  a  Langmuir-Blodgen  apparatus^'^.  We  report  here  the  preparation,  by  a 
relatively  simple  and  inexpensive  spin-coating  technique,  of  robust  SHG- 
•ctive  samples  in  which  amphiphilic  hyperpolarizable  molecules  are 
permanently  oriented  between  solid  layers  of  hydrophobic  and  hydrophilic 
polymers. 

EXPERIMENTAL 

Orgattic  dyes  shown  in  Fig.  1  were  synthesized  and  characterized 
acconling  to  literature  procedures^.  Polyfethylene/maleic  acid)  ("PEMA") 
lolution  was  prepared  by  dissolving  10%  w/w  of  commercial  1:1  ethy- 
tene/maleic  anhydride  copolymer  (Aldrich)  in  distilled  water  and  filtering 
Jirough  a  0.45  ftm  membrane.  Samples  for  SHG  measurements  were  pre¬ 
pared  thus:  a  few  drops  of  PEMA  solution  were  placed  on  a  circular  glass 
x>ver  slip  (Fisher,  18  mm  x  0.21  mm),  which  was  then  spun  at  3000  rpm 
for  2  min.,  and  dried  at  20°C  under  vacuum  for  1  hour  to  give  a  smooth  and 
uniform  clear  coating  about  O.Spm  thick  (Dektak  profilometer).  The  film 
was  then  wetted  with  0.1-0.2  mL  of  dye  solution  (0.01-0.05%  w/w  in 
MeOH:toluene  1:9),  spun  dry,  rinsed  with  toluene,  dried  by  spinning  and  in 
vacuo.  Polystyrene  ("PS";  Sp2  Inc."45,000  g/raol")  was  overlaid  in  similar 
cishion  from  a  10%  w/w  toluene  solution. 

Contact  angle  was  measured  by  the  sessile-drop  method  with  a 
lome-made  video  microscope  system  (<3oncordia  University,  Montreal), 
using  1  pL  drops  of  distilled  water  measured  within  4  seconds  of  applica- 
ion. 

SHG  measurements  were  made  using  s-  or  p-  linear  polarized  light 
rom  a  (J-switched  Nd-YAG  laser  (1064  nm,  10  ns  pulse  duration.  5  ml 
wise  energy)  directed  at  a  45°  angle  onto  the  sample.  The  SHG  signal  Izo) 
532  nm)  was  isolated  and  resolved  into  p-  and  s-  polarized  components 
ising  3  interference  filters  and  a  polarizer,  and  quantitated  by  a  photomul- 
iplier  (Hamamatsu  R928).  Each  output  signal  was  normalized  by  dividing 
>y  the  square  of  the  corresponding  input  signal,  as  measured  with  a  photo- 
liode. 


Figure  1 .  Structures  of  Hyperpolarizable  Amphiphilic  "Dyes" 


1.  -R'  =  -R^  =  -CH3 
n.  -R'  =  -CH,.  -R^  =  -(CH2>;CH3 

m.  -R’  =  -CH3.  -R^  =  -(CHj),7CH3 


RESULTS  &  DISCUSSION 

Scanning  electron  micrographs  (75,OOOX,  Au  +  Pd  coating),  front¬ 
on  and  in  cross-section,  confirm  the  surface  of  PEMA  films  to  be  very  flat 
and  smooth  both  befctfe  and  after  application  of  dye.  The  change  in  colour 
finom  yellow  to  red-orange  (X^ax  =  470  nm)  confirms  protonation  of  the 
basic  dye  as  it  bonds  (ionically)  to  the  acidic  hydrophilic  polymer;  this 
"chemisorbed"  species  tenaciously  remains  while  toluene  easily  washes 
away  the  excess  free  dye.  The  optical  density  (X  =  470  nm)  of  the  final 
coloured  film  increases  from  0.05  to  0.30  with  increasing  content  of  dye 
and/or  methanol  (in  which  the  hydrophilic  polymer  is  soluble)  in  the 
colouring  solution  (O.D.470  =  0.02  in  known  monolayers  of  similar 
molecules^  -  hence.  Fig.  2).  Spectral  characteristics  (and  SHG  intensity)  of 
the  dye  change  little  with  application  of  the  PS  layer,  which,  besides  provid¬ 
ing  a  sharply  distinct  hydrophobic  environment  ‘'or  "solvation"  of  long  alkyl 
tails  to  induce  (with  hydrophilic  PEMA)  net  orientation  of  the  amphiphilic 
dye.  can  also  act  as  a  protective  coating  for  the  "active"  dye  layer,  as  a  sub¬ 
strate  upon  which  to  deposit  further  PEMA/dye/PS  layers  for  multiplied 
SHG  efficiency  in  the  "vertical"  direction  (Figure  2);  and  as  a  medium  for 
"horizontal"  propagation/SHG  of  IR/visible  light  ("organic  waveguide"). 

Figure  2.  Arrangement  of  Dye  Molecules  at  Interface 
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Contact  angles  6  which  start  (Table  1)  and  remain  (with  time)  targe 
for  dye-treated  films  confirm  the  presence  of  coatings  which  are  outwardly 
hydrophobic  ("water-rcpcllam'').  particularly  with  longer  alkyl  chains  (Dye 

m). 

Table  1 .  Contaa  Angle  6  of  PEMA  Films  Before  and  After  Dvc  Treatment 
Film  reMA  PEMA-I  PEMA-D  PEMA-IH 

e  35-40“  50-55°  75-80°  85-90° 

SHG  signals  l2at  of  PEMA-I,II,III  films  in  p-p  and  s-p  geometries 
at  45°  incident  angle  were  recorded  and  compared.  The  relative  intensities 
were:  PEMA-IH  >  PEMA-H  »  PEMA-I.  Glass  or  glass-plus-PEMA  alone 
showed  no  SHG.  The  PEMA  film  coloured  with  dye  I  (shortest  alkyl) 
showed  only  a  very  weak  SHG  signal.  l2(a  values  of  PEMA-H  and  -HI 
fluctuated  between  zero  and  maximal  intensities  as  incident  angles  were 
varied.  Under  the  assumptions  of  ^zzz  being  dominant  and  a  sharp  distribu¬ 
tion  of  the  molecular  axes  characterized  by  an  angle  a  (tilt  angle)  fiom  the 
perpendicular,  Eqn.  1  applies^: 


2.  (a)  Singer,  K.  D.;  Kuzyk,  M.  G.;  Sohn,  J.  E.  J.  Opt.  Soc.  Am.  B  yl987 
v4  p968.  (b)  Park,  J.;  Marks,  T.  J.;  Yang,  J.;  Wong,  G.  K.  Chem 
Mater.  yl990  v2  p229, 

3.  Li,  D.;  Ramer,  M.  A.;  Marks,  T.  J.  J.  Am.  Chem.  Soc.  yl990  vll2 
p7389. 

4.  Kost,  A.  N.;  Sheinkman,  A.  K.;  Rozenberg,  A.  N.  J.  Gen.  Chem. 
USSR  (Engl.  Tansl.)  yl964  v34  p4106. 

5.  Steinhoff,  R.;  Chi,  L.  F.;  Marowsky,  G.;  Mobius,  D.  J.  Opt.  Soc.  Am. 
B  yl989  v6  p843-847. 

6.  Marowsky,  G.;  Gierulski,  A.;  Steinhoff,  R.;  Dorsch,  D.;  Eidenschnik, 
R.;  Rieger,  B.  J.  Opt.  Soc.  Am.  B  yl987  v4  p956. 

7.  Williams,  D.  J.;  Penner,  T.  L.;  Schildkraut,  J.  J.;  Tillman,  N.;  Ulman, 
A.;  Willand,  C.  S.  In  Nonlinear  Optical  Effects  in  Organic  Polymery,  J. 
Messier  et  al,  Eds.;  Kluwer  Academic  Publishers:  Boston  yl989  pl95- 
218. 


.P-P,,s-P  [(2/tan2a)  -  1]2 

‘2<u''2o)  =  8 


Equation  1 


Our  results  show  that  this  ratio  is  between  5  and  3  for  PEMA-IH  and 
PEMA-H,  implying  an  average  orientation  angle  a  in  the  range  of  28-30° 
from  the  vertical,  which  compares  favourably  with  materials  prepared  by 
Langmuir-Blodgett  techniques'-®'^. 

In  summary ,we  have  demonstrated  a  very  simple  method  to  prepare 
thin  films  with  second-order  nonlinear  optical  properties.  The  results  sug¬ 
gest  that  amphiphilic  dyes  H  and  HI  are  adsorbed  on  PEMA  surface  in  an 
oriented  fashion,  with  a  certain  degree  of  penetration  of  the  hydrophilic  end. 
and  with  the  long  alkyl  chain  extending  to  the  top  of  the  surface  (Fig.  2). 
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INTRODUCTION 

There  has  been  considerable  interest* in  the  development 
a  polymer  optical  fiber  (POF)  as  a  short  distance 
HBmunication  such  as  iocal  area  network  (LAN),  datalink, 
ultinoded  bus  network,  etc.,  because  of  its  easy  processing 
id  handling.  In  short  distance  communication,  many 
inctions  and  connections  of  optical  fibers  would  be 
icessary.  In  the  single-mode  glciss  fiber,  the  core  diameter 
about  5  //  m,  so  when  connecting  two  fibers  a  slight  amount 
displacement  such  as  ±  a  few  p.  m  causes  a  significant 
Hipling  loss.  Polymer  optical  fiber  with  a  large  diameter  such 
<  1  mm  is  one  of  the  promising  candidates  to  solve  this 
'oblem.  However,  all  commercieilly  available  POFs  have  been 
e  step-index  (SI)  type.  Therefore,  even  in  short-range 
•tical  communication  (e.g.  indoor  use),  the  SI  POF  will  not  be 
)le  to  cover  the  whole  bandwidth  of  the  order  of  hundreds  of 
-Iz  which  will  be  necessary  in  LAN,  or  datalink,  because  the 
indwidth  of  the  SI  POF  is  only  about  5MHz  ■  km. 

On  the  other  hand,  graded-index  (GI)  POF  is  expected  to 
ive  a  much  higher  bandwidth  than  that  of  SI  POF,  while 
tintainlng  a  large  diameter.  In  this  paper,  the  author 
ascribes  a  graded-index  POF  in  which  the  bandwidth  is  more 
an  500MHz -km,  and  a  single-mode  POF  which  has  been 
iveloped  by  us  very  recently. 

GI  POLYMER  OPTICAL  FIBER 

In  the  SI  POF,  lights  pass  through  the  fiber  by  reflecting 
f  the  wall  at  different  angles,  which  spreads  an  impulse  over 
time  interval  that  is  equal  to  the  difference  of  the  arrival 
«es  of  the  slowest  and  fastest  modes.  On  the  other  hand,  in 
e  GI  POF,  if  the  index  profile  is  optimum,  all  modes  propagate 
the  same  velocity  without  spreading  an  impulse,  which 
markably  increases  the  bandwidth. 

It  is  well  known  that  the  bandwidth  can  be  maximized  by 
•timizing  the  shape  of  the  graded-index  distribution  of  the 
jer  core.  When  the  index  distribution  is  expressed  by  a 
iwer  law  of  the  form 

n(r)=no(l-(r/a)“A  ]  (1) 

e  bandwidth  is  maximized  for 

a=2-(12/5)A  (2) 

this  formula  A  is  a  parameter  that  measures  the 
lative-index  difference.  A  =  (no-nc,)/no,  where  no  and  nc 
e  the  index  values  at  the  core  center  and  in  the  fiber 
idding  respectively,  and  a  is  the  radius  of  the  core.  The 
j'ameter  a  is  the  exponent  of  the  power  law.  Since  A 
.01-0.02  for  the  GI  POF,  the  maximum  bandwidth  is  achieved 
len  a  is  about  2. 

Such  a  GI  POF  has  been  developed  recently  at  Keio 
liversity®"*.  The  GI  preform  rod  is  obtained  by  the 
lerfacial-gel  copolymerization  process^,  and  is  heat-drawn 
190-2803C  into  the  GI  POF.  A  pure  PMMA  tube  filled  with  M, 
d  M*  monomer  mixture  is  placed  in  a  furnace  at  80-100  ic. 
re  the  Inner  wall  of  the  polymer  tube  is  slightly  swollen  by 
e  monomer  mixture,  then  a  gel  phase  is  formed  on  the  inner 
Ui  of  the  tube.  It  is  well  known  that  the  reaction  of  the 
'lymerization  is  accelerated  in  the  gel  state.  Then,  the 
polymer  is  gradually  formed  from  the  inner  wall  of  the  tube, 
tally  solidifying  up  to  the  center  axis  of  the  tube. 

The  refractive  index  distribution  is  obtained  by  the 
llowing  two  mechanisms;  The  My  monomer  which  has  a  higher 
fractive  index  than  that  of  the  M,  monomer  is  gradually 
•ncentrated  in  the  center  region  of  the  tube.  The  other 


mechanism  is  the  gradual  diffusion  of  the  EMMA  molecules 
dissolved  from  the  PMMA  lube  into  the  center  region.  Here 
MMA  is  used  as  the  M,  monomer,  and  vinyl  benzoate  (VB),  vinyl 
phenylacetate  (VPAc)  or  benzyl  methacrylate  (BzMA)  etc.  are 
used  as  the  Mi  monomer. 

The  refractive  index  distribution  of  the  GI  POF  for  the 
MMA-BzMA  monomer  system  is  shown  in  Fig.l,  in  which  the 
monomer  feed  composition,  MMA/BzMA  (wt/wl),  is  3,  4,  and  5, 
respectively.  Here  Rp  is  the  radius  of  the  fiber.  The  preform 
rods  of  these  GI  POFs  were  polymerized  at  9510  for  24h.  The 
normalized  index  distributions  of  these  fibers  are  almost  the 
same  as  those  of  the  preform  rods. 

The  bandwidth  of  the  GI  and  SI  POFs  was  measured  as 
follows:  A  pulse  of  10-MHz  from  an  InGaAlP  laser  diode 
(wavelength  =670  nm)  was  injected  (N.A=0.5)  into  a  20-m  length 
fiber.  The  output  pulse  was  detected  by  a  sampling  head.  The 
result  for  the  MMA-BzMA  GI  POF  is  shown  in  Fig. 2,  compared 
with  the  commercially  available  SI  POF.  Although  the  output 
pulse  through  the  20-m  length  SI  POF  is  quite  spread,  the 
pulse  through  the  GI  POF  is  almost  the  same  as  the  input 
pulse. 

The  bandwidth  of  the  SI  POF  estimated  at  3dB  level  in 
pulse-response-function  is  6  MHz -km,  while  the  bandwidth  of 
the  MMA-BzMA  GI  POF  in  Fig. 2  is  about  500  MHz -km.  Figure  3 
summarizes  the  normalized  bandwidths  of  the  various  GI  POFs 


Fig.l.  Refractive-index  distribution  of  the  MMA-BzMA  GI  POF. 
Monomer  feed  composition  MMA/BzMA  (wl/wt): 

(A),  3.0  (wt/wt);  (B),  4.0  (wt/wl);  (C),  5.0  (wl/wl). 
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Fig. 2.  Bandwidth  measurement  by  spreading  of  the  output 
pulse  through  both  GI  and  SI  POFs  with  a  20-m  length. 
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against  the  a  in  Eq.(2),  along  with  that  of  the  SI  POP.  The 
bandwidth  around  a  =2  achieved  by  the  MMA-BzMA  fiber  is 
about  SOOMH-kni  which  is  one  hundred  times  larger  than  that 
of  the  SI  POP. 

The  total  attenuation  of  the  light  transmission  through 
these  GI  POPs  is  150-200  dB/km  at  652-nm  wavelength.  It 
should  be  noted  that  these  values  are  comparable  with  the 
attenuation  (100-300  dB/km)  of  the  commercially  available  SI 
POP.  The  MMA-BzMA  Gl  POP  is  especially  flexible  and  the 
tensile  strength  is  1600  kg/cm“  which  is  comparable  to  that  of 
the  commercially  available  SI  POP. 

SINGLE-MODE  POLYMER  OPTICAL  PIBER 

A  single-mode  POP  in  which  the  core  diameter  was  3-15  m 
and  the  attenuation  of  the  transmission  was  about  200  dB/km 
at  652-nm  wavelength  was  successfully  obtained*.  As  far  as 
we  know,  this  is  the  first  single-mode  POP. 

The  basic  mechanism  for  forming  the  index  distribution  in 
the  preform  rod  of  the  single-mode  POP  is  the  same  as  in  the 
Gl  POP.  The  preform  rod  which  was  heat-treated  to  complete 
the  polymerization  was  heat-drawn  at  ca.  200X1  to  obtain  the 
single-mode  POP  (One-step  process).  When  the  core  diameter 
was  larger  than  the  single-mode  condition,  the  resulting  fiber 
was  inserted  into  a  PMMA  tube,  filling  gaps  with  MMA  monomer, 
and  this  was  polymerized.  This  second  preform  rod  was  again 
heat-drawn  into  the  fiber  to  satisfy  the  single-mode  condition 
(Two-step  process). 

Pigure  4  shows  the  end-surface  of  the  single-mode  POP 
with  a  50-m  length  and  the  intensity  display  of  the  core,  in 
which  the  fiber  diameter  is  600  u  m  and  the  attenuation  of  the 
transmission  at  652  nm  wavelength  was  190  dB/km.  Pigure  5 
shows  the  index  distribution  of  the  POP  prepared  by  the 
two-step  process  as  follows:  The  graded-index  (GI)  preform 
rod  was  prepared  by  the  interfacial-gel  copolymerization 
technique  under  the  condition  of  MMA/BzMA=4/l(wt/wt)  and 
was  heat-drawn  into  the  GI  POP,  followed  by  the  two-step 
process  mentioned  above  to  obtain  the  single-mode  POP.  The 
core  and  clad  diameters  are  5  u  m  and  250  u  m  respectively, 
and  the  index  difference  A  n  is  ca.  0.003,  which  satisfies  the 
single-mode  condition  (V  parameter),  Eq.(3): 

V-.^^<2.4  0  5  ,3, 

where  a  is  the  radius  of  the  core  and  X  is  the  wavelength  of 
the  light.  Equation  (3)  is  for  the  case  in  which  the  core  index 
distribution  is  of  an  SI  type.  Since  the  index  distribution  of 
the  fiber  in  Pig.5  is  of  a  GI  type  single-mode,  the  cut-off 
wavelength  is  shorter  than  the  value  estimated  by  Eq.(3).  The 
single  mode  Wcis  also  confirmed  by  the  far  field  pattern 

measurement. 


CONCLUSION 

It  is  experimentally  and  theoretically  confirmed  that  the  GI 
POP  is  quite  superior  to  the  conventional  SI  POP  in  the 
bandwidth,  while  the  attenuation  and  mechanical  properties  of 
both  fibers  are  comparable.  The  low-loss  single-mode  POP  in 
which  the  core  diameter  was  3-15  u  m  was  successfully 
obtained,  we  believe,  for  the  first  time. 
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Fig. 3.  Bandwidth  of  the  GI  POPs  against  the  exponent  of  the 
power  law  in  Eq.(2). 

(  •  ),  MMA-VB  system;  (  A  ),  MMA-BzMA;  (  ■  ),  MMA-VPAc. 


Fig. 4.  Photograph  of  the  end-surface  of  the  single-mode  POP. 
The  fiber  diameter  is  600  u  m. 


Fig. 5.  RepresenLative  index  distribution  of  the  single  mode 
POP. 
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Optical  interconnect  technology  is  being  increasingly  consid¬ 
ered  as  necessary  to  resolve  the  bottlenecks  resulting  from  high 
circuit  densities,  multiple  pin  outs,  high  data  and  processing 
rates,  electromagnetic  interference,  and  the  growing  demand  for 
data  and  services.  To  satisfy  these  applications  low-cost,  versatile 
optical  and  system  pierformance  capabilities  are  required  involv¬ 
ing  backplane-to-baAplane,  board-to  board,  and  within-board  op¬ 
tical  interconnections  utilizing  optical  fibers,  connectors  and 
integrated  optics.  A  number  of  polymeric  materials  have  been 
explored  for  integrated  optical  systems  that  indicate  considerable 
potential  to  meet  many  perceived  requirements.  This  paper 
reviews  the  polymer  integrated  optic  system  technology  referred 
to  as  Polyguide*  that  is  currently  under  development  at  Du  Pont. 
Polyguide  refers  to  a  core  technology  currently  employing  a 
polymeric  binder  and  acrylate  monomers  precast  on  Mylar® 
polyester  film  carrier  layers.  Using  multilayer  lamination 
techniques,  a  symmetric  structure  is  assembled  around  an 
embedded  waveguide  photolithographically  created  by  a  UV-to- 
blue  light  exposure  process.  A  specific  effort  will  be  made  to  re¬ 
late  polymeric  properties  to  the  resulting  optical  or  applications- 
spedfic  requirements.  The  intent  is  to  demonstrate  the  versatil¬ 
ity  of  pol)aners  and,  specifically.  Polyguide  for  integrated  optical 
interconnection  applications. 

A  high-index  waveguide  region  results  from  photopolymer¬ 
ization-induced  monomer  diffusion  into  the  polymerizing 
guide  region  through  the  exposed  waveguide  layer.  The  core 
technology  noted  above  plus  solvent-free  photopolvmerizable 
liquid  Polyguide  formulations  (LPG)  and  excimer-laser  machin¬ 
ing  all  combine  to  provide  a  broad  range  of  optical,  physical,  and 
mechanical  properties.  Formulation  and  process  variations  ex¬ 
ploit  the  broad  and  unique  propterties  of  Polyguide  to  satisfy  di¬ 
verse  integrated  optical  interconnect  requirements. 

Creation  of  the  waveguide  regions  in  Polyguide  is  achieved 
by  lamination  of  the  waveguide-forming  layer  directly  to  the 
photomask,  followed  by  waveguide  exposure.  This  initiates  a 
primary  diffusion  reaction  whereby  monomer  and  other  low- 
molecular-weight  constituents  move  into  the  guide  region.  A 
secondary  diffusion  reaction  results  when  Polyguide  buffer  lay¬ 
ers  of  similar  or  different  formulation  are  laminated  on  both 
sides  of  the  waveguide  layer,  ha  ing  removed  both  the  mask 
and  the  Mylar®  carriers.  These  buffer  layers  come  from  adjoin¬ 
ing  regions  of  the  cast  material  roll  and  are  thus  identical  in 
thickness,  ensuring  a  highly-centered  buried  waveguide. 
Diffusion  from  these  layers  further  enhances  the  magnitude  and 
profile  of  the  refractive  index  of  the  waveguide  relative  to  the 
surround.  The  structure  is  then  totally  photopolymerized,  fol¬ 
lowed  by  the  addition  of  subsequent  layers,  creating  different  ad¬ 
hesion  and/or  mechanical  properties.  Process  control  is 
achieved  through  exposure  energy,  power,  temperature,  and 
time  variations  which  can  dir..ctly  modify  the  diffusion  into  the 
guide  region. 

Singlemode  guides  are  typically  around  7  pm  thick  and  6  to 
7.5  pm  wide.  The  refractive  index  of  the  guide  relative  to  the 
surround  is  approximately  0.004  at  1300  nm.  This  is  essentially 
squivalent  to  the  relative  core-to-cladding  index  of  glass  optical 
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fibers  to  optimize  guide-to-fiber  optical  coupling.  Multimode 
guides  typically  have  50-pm-square  cross  sections  with  a  relative 
guide  index  in  excess  of  0.04,  through  use  of  higher-index 
constituents  such  as  aromatic  monomers,  and  process  conditions 
with  higher  temperatures  and  exposure  levels  for  enhanced 
diffusion.  Exposure  energies  range  from  10  to  100  mj/c^for  the 
initial  primary  exposure.  The  ratioing  of  monomers  of  different 
molecular  structure  and  functionality  combined  with  selected 
process  conditions  noted  above  results  in  excellent  guide-index 
control.  Excellent  waveguide  properties,  as  well  as  performance 
of  all  splitting  and  coupling  functions,  have  been  achieved  for 
both  multimode  and  singlemode  waveguiding  and  will  be 
summarized  in  the  presentation.  ■ 

The  primary  critical  issue  for  creating  practical  optical  inter¬ 
connects  is  the  ability  to  effectively  couple  light  between  two 
waveguides,  between  waveguides  and  fibers,  and  between 
waveguide  cind  electro-optic  components.  Matching  of  both  the 
in/out  optical  cross  sections  referred  to  as  overlap  and  the 
allowed  angle  of  guide  propagation  or  numerical  aperture  is 
required  for  efficient  coupling  from  one  guiding  system  to 
another.  Compromises  must  be  made  to  achieve  overall  system 
optimization  since,  typically,  waveguides  may  have  a  higher 
numerical  aperture  than  fibers  to  facilitate,  for  example,  high- 
radius-of-curvature  guides  and  maximize  input  coupling  of 
diode  laser  light. 

Fiber-to-waveguide  self-alignment  is  achieved  in  Polyguide 
by  first  creating  and  then  inserting  the  fiber  in  an  open  square 
alignment  channel.  This  is  accomplished  by  first  excimer-laser 
ablating  at  248  nm  a  500-)im-long  by  120-jim-wide  slot  in  a  120- 
jim-thick  structure  containing  a  centered  buried  waveguide.  All 
these  dimensions  are  tolerant  to  plus  or  minus  several  microns. 
Thick  outer  layers  are  then  laminated  on  top  and  bottom  of  the 
waveguide  structure.  This  creates  a  square  opening  with  the 
waveguide  located  precisely  (±  0.5  pm)  in  the  center  with  ±  0.2° 
angular  deviation.  A  beveled  125-pm  glass  fiber  is  inserted  into 
the  smaller,  rtominaiiy  i20-pm,  square  chaimel,  which  provides 
equal  self-centering  pressure  for  alignment.  The  fiber  is  bonded 
permanently  with  a  silanated  photopolymcrizable  and/or 
thermally  polymerizable  LPG  to  complete  the  low-optical-loss, 
robust  coupling.  The  process  is  amenable  to  automation  and 
thus  low  cost. 

Waveguide-to-waveguide  coupling  is  achieved  using  ablated 
slots  described  above  without  the  laminated  outer  layers.  Slots 
at  the  ends  of  two  buried  waveguide  structures  are  inserted  into 
each  other  when  they  are  first  oriented  at  90°.  This  form  of 
waveguide-to-waveguide  "slot"  coupling  permits  construction 
of  optical  board-to-board  coupling  systems  and  connectors  which 
will  be  described  in  the  presentation. 

Diode  lasers  have  been  embedded  and  permanently  inter¬ 
faced,  via  LPG,  directly  to  waveguides,  enabling  construction  of 
robust  components  and  connectors.  Performance  of  these  sys¬ 
tems  will  also  be  reviewed. 

The  permanent  attachment  of  Polyguide  waveguide  struc¬ 
tures  to  both  ceramic  and  fiber-reinforced  circuit  board  materials 
has  been  achieved  that  is  stable  over  a  -65°C  to  150°C  range.  No 
change  in  optical  propagation  of  the  guides  has  been  observed 
with  these  configurations.  Low-modulus  formulations  were 
develop>ed  to  buffer  the  widely  different  thermal  expansion  co¬ 
efficients  associated  with  board  attachment.  Additionally,  using 
cross-linked  Polyguide,  heat  spiking  for  30  seconds,  typically  used 
for  IR  solder  operations  to  attach  surface  mount  electronic  com¬ 
ponents,  has  demonstrated  no  loss  in  guide  properties  with  re¬ 
peated  cycles  to  230°C.  Compatibility  with  higher  spike  tempera¬ 
tures  appears  likely  and  is  under  investigation.  Finally,  to  opti¬ 
cally  interface  surface  mounted  electronic  components  on  boards 
to  optical  waveguide  layers,  excimer-laser-ablated  reflecting  mir¬ 
rors  are  constructed  and  are  under  ongoing  investigation. 
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Overall,  a  number  of  formulation  variations  readily  available 
to  the  Polyguide  system  ha-  e  been  developed  and  utilized  to 
achieve  the  results  for  singlemode  and  multimode  wave- 
guiding,  interconnection,  and  board-associated  applications. 
Although  Polyguide  technology  is  still  evolving,  to  date  we  have 
created  a  versatile  polymeric  approach  to  form  integrated  optical 
interconnects,  connectors,  and  components,  with  a  goal  of 
demonstrating  real-world  applications.  The  Polyguide  system 
capitalizes  on  the  significant  potential  of  polymer  chemistry  to 
create,  in  a  dry,  light-exposure-induced  process,  well-controlled, 
interconnectible  waveguides  highly  compatible  with  many  elec¬ 
tronic  processing  and  optical  requirements. 
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Guided-wave  nonlinear  optics  in  DCANP  Langmuir-Blodgett 

films 
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Instinite  of  Quantum  Electronics,  Nonlinear  Optics  Laboratory,  Swiss 
Federal  Institute  of  Technology,  ETH  Hdnggerberg,  CH-8093  Zurich, 
Switzerland 


2-D(p>sylamino-S-nitropyridine  (DCANP)  is  a  molecule  displaying  strong 
nonlinear  optical  effects  in  Langmuir-Blodgec  (LB)  films.  DCANP  is  a 
molecule  having  a  chromophere  which  is  tSted  with  respect  to  the  long 
chain  alkyl  axis  used  for  tiering  the  molecules  before  deposition.  LB 
films  made  fiom  these  tilted  chromophore  molecules  (TC-molecules)  can 
have  a  net  dipole  moment  in  the  plane  of  the  substrate  which  is 
advantageous  for  the  deposition  of  high  quality  multilayer  films.  Its  linear 
and  nonUnear  optical  piopoties  have  been  described  in  [1]  and  [2].  Due  to 
its  ability  to  form  multilayers  (up  to  600)  of  high  optical  quality, 
waveguk^g  with  low  attenuation  has  been  observed  in  these  films  [2]. 

We  will  review  the  preparation  of  DCANP  LB  films  and  its  physical 
pn^>etties,  including  the  measurement  of  dispersion  of  refractive  indices, 
nonlinear  optical  susceptibilities  and  wavegui^  attenuation  losses.  For  die 
first  time  guide-wave  second-harmonic  generation  of  Nd:  YAG  lasers  in  a 
nonlinear  optically  active  LB  film  will  be  reported.  The  first  waveguiding 
experiments  were  carried  out  using  a  grating  coiqiler.  The  grating  was  first 
etched  into  the  pyrex  substrate  thi^gh  ion  etching.  Subs^uendy  the  LB 
film  was  deposited  with  the  dipping  direction  parallel  to  the  grating  grids. 
TMo-  and  TEo-modes  were  observed  for  layer  thicknesses  between  177 
nm  and  442  nm. 

Phase-matched  fiequency-doubling  was  investigated  in  these  LB  films 
employing  the  Cerenkov-type  configuration.  This  method  is  simpler  than 
ph^-matching  of  guided  modes  where  vety  strict  conditions  on  the 
waveguide  thickness  are  required  and  where  both  fundamental  and 
second-harmonic  waves  have  to  be  guided.  In  Cerenkov-type  phase- 
matching  with  DCANP  only  the  fundamental  beam  is  guided  in  the  LB 
laya,  whereas  the  second-harmonic  beam  is  radiated  into  the  substrate. 
Since  the  charge-transfer  axis  of  the  DCANP  molecules  lies  in  a  plane 
parallel  to  the  dipping  direction,  the  largest  nonlinear  optical  coefficient  d33 
B  g  pm/V  could  be  used  with  guided  TE  modes.  Experiments  at  different 
wavelengths  and  waveguide  dimensions  and  efficiency  studies  of  the 
fiequency-doubling  process  werde  performed.  In  addition  the  dipping 
process  was  adjust^  for  optimized  waveguiding. 

[1]  G.  Decher,  B.  Tieke,  Ch.  Bosshard  and  P.  Giinter, 

Fcrtoelectrics  91, 193-207  (1989) 

[2]  Oi.  Bosshard,  M.  Kiipfer,  P.  Giinter,  C.  Pasquier,  S.  Zahir  and  M. 

Seifert, 

Appl.  Phys.  Utt  56  (13),  1204-1206  (1990) 
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OPTICALLY  NONLINEAR  POLYMERS  IN 
WAVEGUIDING  PASSIVE  AND  ACTIVE  DEVICES 
by 

G.R.  Mohimann  and  W.H.G.  Horsthuis 
Akzo  Research  Laboratories  Arnhem,  Corporate  Research, 

P.O.  Box  9300,  6800  SB  Arnhem,  The  Netherlands 

Introduction:  Optically  nonlinear  side  chain 

polymers,  containing  hyperpolarizable  rnolecules  as  the  side 
groups,  have  been  developed  over  the  past  years.  These 
optically  nonlinear  (nlo)  polymers  have  been  applied  for 
making  electro-optically  active  devices  [1,2).  In  electro¬ 
optic  devices,  the  nlo-active  material  exhibits  a  shift  of 
refractive  index  if  placed  in  electric  fields  thus 
influencing  the  propagation  and  permitting  the  manipulation 
of  light;  in  this  way,  optical  functions  can  be  performed. 

Polymeric  nlo-devices  such  as  phase  shifters, 
Hach-Zehnder  interferometers,  directional  mode  couplers, 
etc.,  are  usually  made  by  starting  with  a  multilayer  sandwich 
structure  containing  the  nonlinear  polymer,  in  which  channel 
waveguides  can  be  realised  via  UV  irradiation.  By  electric 
field  poling  of  the  polymer  in  the  sandwich,  electro-optic 
coefficients  in  excess  of  20  pm/V  have  been  induced.  Device 
switching  and  modulation  voltages  achieved,  are  of  the  order 
of  10  Volts;  the  corresp>onding  modulation  ratio's  are  in 
excess  of  10  dB.  By  applying  different  nlo-polymers,  device 
operation  in  specific  parts  of  the  optical  spectrum  (400  - 
-600  run)  can  be  achieved.  Active  and  passive  waveguides  can 
be  made,  applying  virtually  the  same  processing  techniques. 

Optically  Nonlinear  Polymers:  In  order  to  show 

second  order  nonlinear  effects  (e.g.the  electro-optic  effect 
and  frequency  doubling),  the  nlo  (side  group)  molecules  as 
well  as  the  bul)t  nlo-materials,  are  subject  to  a  symmetry 
constraint:  only  noncentrosyitFnetric  systems  are  useful. 
Noncentrosynmetry  on  the  molecular  level  can  be  obtained  via 
asymmetric  substitution  by  electron  donating  groups  such  as 
alkoxy,  amino,  etc.,  and  by  electron  attracting  groups  such 
as  cyano,  nitro,  etc.  These  groups  are  often  asymmetrically 
substituted  to  conjugated  ir-electron  systems;  the  resulting 
molecules  are  called:  D-it-A  molecules.  Typical  examples  are 
4“alkoxy-4 ' -nitro-stilbene  and  4-dimethylamino-4 ' -nitro- 
stilbene  (DANS).  The  D-tt-A  groups  are  covalently  attached  tc 
polymerizable  moieties;  after  polymerisation,  a  nlo-polymeric 
material  is  obtained  (see  Figure  1).  The  concentration  of  the 
covalently  attached  nlo-side  groups  in  polymers  can  be  up  to. 
60-70  %,  and  is  much  larger  than  can  be  achieved  in  solid 
solutions  of  nonlinear  molecules  in  polymer  hosts.  By  varying 
the  side  group,  mainly  the  functionality  of  the  polymer  is 
determined;  by  varying  the  back  bone  or  the  spacer  connecting 
the  nio-group  to  the  backbone,  mainly  the  mechanical 
properties  (glass  transition  temperature  Tg,  etc.)  can  be 
varied.  To  achieve  noncentrosymmetry  on  the  macroscopic 
(bulk)  level,  electric  field  induced  polar  orientation  of  the 
permanent  dipole  moments  of  the  side  groups  is  carried  out. 

It  is  now  widely  believed  that  nlo  side  chain  polymers 
offer  the  best  compromise  with  respect  to  desired  optical, 
mechanical,  electrical,  processing,  etc.,  properties  as 
compared  to  other  forms  of  organic  nonlinear  materials  such 
as:  organic  single  crystals  (difficult  to  grow  and  process); 


Langmuir-Blodgott  layers  (time  consuming  processing,  low 
optical  quality);  polymeric  solid  solutions  (segregation, 
small  nonlinear  effects)  and  main  chain  polymers 
(intractable,  difficult  to  process  systems  thus  far).  The 
attractive  features  of  nlo-side  chain  polymers  are:  large 
nonlinear  effects;  fast  switching  and  modulation;  easy 
processing  into  thin  film  multilayer  structures;  channel 
waveguide  formation  by  UV-irradiation;  large  compatibility 
with  other  materials  permitting  integration;  low  dielectric 
constant  permitting  high  speed  operation;  tailorability  of 
optical,  mechanical,  electrical,  etc  properties  by  organic 
synthesis  and  molecular  engineering.  Moreover,  in  nature  only 
a  limited  number  of  materials  possesses  spontaneously 
noncentrosymmetry  and  nlo-properties ,  whereas  virtually  every 
nlo-group  containing  polymer  can  be  converted  by  electric 
field  poling  into  an  r.] '^■•polymer . 

Thin  Film  Multilayer  Structures:  The  basic 
structure  for  making  the  waveguiding  devices,  consists  of  a 
polymeric  thin  film  multilayer,  comprising:  a  substrate 
(glass,  silicon,  III-V,  etc.);  a  lower  metal  electrode  (gold, 
silver,  etc.);  a  lower  polymeric  optical  cladding;  a  central 
(core)  polymeric  nonlinear  layer;  the  polymeric  upper 
cladding,  and  the  top  metal  electrode  (see  Figure  2  left 
side).  The  polymer  layers  are  deposited  via  spincoating  or 
dipping,  applying  polymer  solutions.  The  thickness  of  the 
different  layers  are  of  the  order  of  micrometers.  The  central 
(nonlinear)  layer  possesses  the  highest  refractive  index  of 
the  various  polymeric  layers  and  acts,  therefore,  as  an 
optical  waveguide.  By  heating  the  sandwich  structure  close  to 
the  Tg  of  the  central  layer  (a  typical  Tg  value  is  140®C), 
the  polymer  becomes  soft  enabling  .the  side  groups  to  move. 
Application  of',  a  strong  electric  field  (of  the  order  of  lOO's 
V/^im)  causes  the  side  groups  to  reorient  owing  to  the 
interaction  between  their  dipoles  and  the  field,  yielding  a 
net  polar  order.  By  cooling  down  to  sufficiently  below  Tg, 
the  induced  polar  order  is  frozen  in.  Electro-optic 
coefficients  up  to  34  pm/V  have  been  achieved  in  poled 
polymers  [1),  which  is  close  to  the  value  of  the  often 
applied  inorganic  single  crystal  lithium  niobate  (32  pm/V). 

Thermal  Stability  of  the  Electro-optic  Effect: 
Since  the  electro-optic  effect  can  be  obtained  via  electric 
field  induced  molecular  segmental  reorientation  at  Tg,  it  is 
expected  that  thermally  induced  relaxation  of  the  effect  will 
occur  if,  later  on,  the  temperature  of  the  poled  polymers 
approaches  Tg.  The  electro-optic  effect  in  polymers,  in 
principle,  suffers  from  thermal  instability.  Measurements 
have  been  carried  out  on  the  thermal  stability  of  poled 
polymers.  For  a  poled  polymer  with  a  Tg  of  142®C,  the  time 
required  for  a  50  %  decrease  of  the  effect  (half  life),  as  a 
function  of  temperature  (T),  is  presented  in  Table  I. 
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It  can  be  seen  in  Table  1  that  nLo-polymors  with  a  Tg 
of  142*‘C  are  reasonably  stable  up  to  60°C.  However,  it  is 
highly  desired  that  nlo-polymers  with  improved  thermal 
stability  become  available.  Two  possibilities  are  currently 
trie<3  to  in^rove  the  thermal  stability,  both  aiming  at 
reducing  the  mobility  of  the  side  groups  after  poling  by:  1) 
increasing  the  Tg;  2)  introduction  of  a  crosslinks.  Both 
nethods  are  explored  by  various  workers  and  have  yielded 
promising  results  and  are  continued;  it  has  not  yet  become 
clear  which  is  the  preferred  one.  For  passive  devices, 
thermal  stability  is  less  of  a  problem  (no  poling  required). 

Waveguide  Realisation:  By  irradiating  the  nlo- 
polymers  with  UV  light,  a  photo-induced  process,  causing  a 
decrease  of  the  refractive  index,  occurs.  For  DANS  containing 
polymers,  the  original  refractive  index  of  1.63  is  lowered  by 
values  ranging  from  0.001-0.09  depending  on  the  (monitoring) 
wavelength,  intensity  and  bleaching  time  used.  By  applying 
proper  masks  and  UV  bleaching  conditions,  monomode  and 
Bultimode  channel  waveguides  can  be  realised  (see  Figure  2, 
right  hand  side).  For  optimised  combinations  of  channel 
widths  (typically  3-5  um)  and  refractive  index  contrast 
(typically  0.003-0.001),  mon<»node  waveguides  result  at  1.3 
pan.  The  intensity  contour  plot  of  the  monomode  output  of  a 
passive  1*2  splitter,  as  measured  with  an  infrared  camera,  is 
shown  in  Figure  3.  Increasing  channel  widths  or  refractive 
index  contrasts,  convert  the  channels  from  monomode  into 
Bultimode  waveguides.  Depending  on  whether  the  poling  step  is 
applied,  passive  or  active  waveguides  are  obtained. 

Electro-Optic  Devices:  A  variety  of  polymeric 
electro-optical  devices  has  been  made  by  starting  from  the 
nultilayer  sandwich  structure  as  shown  in  Figure  2,  including 
:)ANS  containing  polymers. 

Arrays  of  active  linear  waveguides,  performing  as 
dhase  modulators  arrays,  have  been  made  by  poling  the 
ilo-polymer  at  a  temperature  close  to  the  Tg  of  142®C  with  an 
jlectric  field  of  170  V/pm  for  about  10  minutes  and  by 
ipplying  a  mask  for  bleaching.  The  best  half  wave  voltage 
V  )  measured  thus  far  for  a  28  mm  long  device  was  about  2 
'olts  at  1.3  Mm  wavelength;  this  V  value  corresponds  to  a 
*22  of  34  pm/V  in  the  channel  of  the  device.  The  optical  loss 
.n  the  waveguide  was  equal  to  about  0.9  dB/cm  at  1.3  um. 

Similarly,  after  poling  at  slightly  lower  temperature 
dth  205  V/pm  and  bleaching,  an  array  of  30  integrated 
olymeric  Mach-Zehnder  interferometers  has  been  made.  The 
witching  voltage  on  the  14  mn  long  active  arm,  was  about  0 
bits,  corresponding  to  a  r.  of  18.5  pm/V;  the  intensity 
odulation  ratio  was  about  dB,  A  schematic  view  of  a 
ingle  element  of  the  device  is  given  in  Figure  4. 

Another  type  of  polymeric  switching  device,  that  has 
een  made  similarly  to  the  process  as  mentioned  above,  is  the 
irectional  mode  coupler  which  can  be  regarded  as  a  2*2 
witch.  The  switching  voltage  for  going  from  the  bar  to  the 
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igure  3.  Output  intensity  plot  of  a  passive  1*2  splitter. 


cross  state,  was  about  10  Volts;  the  intensity  modulation 
ratio's  were  in  excess  of  15  dB. 

Thermo-Optic  Switching  and  Biasing:  Instead  of  the 
electro-optic  effect,  the  thermo-optic  effect  can  be  applied 
to  vary  the  refractive  index  for  switching.  The  switching 
electrodes  are  then  used  to  carry  electric  currents  instead 
of  fields  only,  and  act  as  heating  elements  raising  the 
temperature  of  the  polymer  underneath.  The  refractive  index 
decreases  up  to  0.1  have  been  measured  for  increasing 
temperatures.  A  disadvantage  of  the  thermal  effect  is  the  low 
speed:  1  kHz  versus  >>1  GHz  for  electro-optic  effects. 
Various  integrated  {XDiymeric  waveguiding  switches  and 
modulators  have  been  made,  requiring  a  few  milliwatts  only  of 
electrical  power  for  switching. 

The  thermo-optic  effect  can  be  applied  to  fine-tune 
the  bias  point  of  polymeric  electro-optic  devices.  In  (high 
speed)  Mach-Zehnder  interferometers,  bias  tuning  has  been 
thermo-optically  achieved,  while  (high  speed)  modulation  has 
simultaneously  been  performed  by  electro-optic  means.  The 
electrode  covering  one  arm  of  the  interferometer  is  used  as  a 
strip  heater,  thereby  changing  the  refractive  index  and  phase 
velocity  in  the  arm,  hence  shifting  the  bias  point  of  the 
interferometer.  The  electrode  system  at  the  other  arm  of  the 
interferometer  is  used  for  (fast)  electro-optic  modulation;  a 
voltage  difference  here,  will  generate  an  electric  field 
across  the  waveguide  and  permitting  (fast)  electro-optic 
phase  shifting  and  thus  output  intensity  and  modulation. 

Thermo-optically  biased  Mach-Zehnder  interferometers 
(similar  to  that  in  figure  4  but  with  optimised  electrodes) 
have  been  realised  and  tested.  Typical  electrical  power 
values  needed  for  a  n-radians  phase  shift  are  about  0,25 
W/cro^.  This  corresponds  to  a  current  of  0.5  mA  for  a  5  pm 
wide  strip  heater.  Geometries  with  strips  up  to  200  wide, 
required  currents  up  to  90  mA.  The  electro-optic  V^  was  equal 
to  20  V  for  this  particular  device  with  an  electrode  length 
of  20  fwn.  An  advantage  of  using  the  thenno-optic  effect  in¬ 
stead  of  the  electro-optic  effect  for  DC  bias  tuning  is  that 
no  compensation  for  electrical  drift  is  required.  Such  drift 
phervomena,  owing  to  electrical  stress  in  polymeric  integrated 
optic  devices,  have  been  observed. 


Figure  4.  Schematic  view  of  a  Mach-Zehnder  interferometer. 
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Introduction 

An  important  potential  area  of  application  of  second  order 
nonlinear  optical  (NLO)  effects  is  frequency  doubling  or  second 
harmonic  generation  (SHG)  of  the  emission  of  a  common 
GaAs/AJGaAs  semiconductor  diode  laser  in  order  to  achieve  a 
4-fold  increase  of  information  density  in  optical  data  storage 
systems.  For  this  application  highly  nonlinear  materials  are 
required  with  zero  absorption  at  the  fundamental  wavelength 
around  820  nm  and  at  the  second  harmonic  wavelength  around  410 
nm.  At  our  Labs  the  NLO  research  program  is  aimed  at  obtaining 
poled  polymer  side-chain  materials  for  frequency  doubling  of  these 
diode  lasers.  In  our  view,  complete  transparency  around  410  nm 
can  only  be  achieved  if  the  wavelength  of  maximum  absorption 
Amu  of  the  charge  transfer  (CT)  absorption  of  the  chromophore  lies 
well  below  that  wavelength.  Because  of  the  transparency-high 
nonlinearity  trade-off  [1,2]  cfTicient  molecules  and  materials  of  this 
type  are  difficult  to  obtain.  Our  investigations  showed  that  NLO 
molecules  containing  the  sulphone  electron  acceptor  group  are 
especially  suitable  [3,4,5]  .  The  narrow  CT  absorption  band  of 
these  NLO  molecules  [4]  allows  a  small  energy  separation  between 

and  the  second  harmonic  wavelength,  which  is  advantageous 
because  of  the  resonance  enhancement  of  p. 

Results  and  Discussion 

We  now  report  on  polymethylmethacrylate  (PMMA)  copolymer 
side-chain  materials  ba.sed  on  the  4-(dimcthylamino)- 
4'-{alkylsulphonyl)biphenyl  chromophore.  The  parent 

chromophore  5  represents  one  of  the  best  examples  that  combines 
transparency  around  410  nm  with  a  high  nonlinearity.  For  this 
chromophore.  A™,  is  342  nm,  A„,.„j7-is  410  nm  and  /i  is  110  x  10  ” 
e.su  at  820  nm. 

The  synthesis  of  the  monomeric  chromophore  is  summarized  in 
Scheme  1.  The  commercially  available  4-nitrobiphenyl  I  is 
converted  into  the  sulphinic  acid  .salt  2  [6],  which  allows  the 

preparation  of  various  4'-(cu-hydroxyalkyl)-sulphonyl  substituted 
biphenyls.  We  prepared  compounds  3 , 4  and  5  with  respectively 
Cr,  C«-  and  Q-alkylchains.  Several  cojxtlymers  6  were  prepared 
from  the  methacrylate  of  5  (n=6)  and  methylmethacrylate 

(MMA),  by  thermal  radical  polymerization  in  chlorobenzene,  at 
100  "C.  Colourless  materials  were  obtained  by  precipitation  with 
methanol.  The  results  of  these  polymerization  reactions  are 
summarized  in  Table  1.  The  molar  mass  Af,  of  the  polymers,  as 
determined  by  GPC  was  in  the  range  of  66  -  207  x  10’  g/mol  (vs 
PMMA  standards).  All  polymer  materials  listed  in  Table  I  are 
amorphous,  glassy  materials,  with  T,  values  varying  from 
100  to  1 10  °C.  Measurements  of  SHG  to  determine  d„-values  were 
performed  on  corona-poled  films  of  1  fxm  thickness.  The 
(fj)-values  increase  super-linearly  with  the  chromophore 
concentration.  At  the  highest  concentration  (75  %  w/w  of  the 


methacrylate  of  5  )  the  value  of  d,,  was  46  pm/V,  at  840  nm,  for 
the  75  %  w/w  copolymer.  This  value  exceeds  that  of  the  best 
inorganic  NLO  material  LiNbOj  (dn=  30  pm/V  [7]  )  at  that 
wavelength. 

For  application  of  these  poled  polymer  materials  in  frequency 
doubling  devices  the  temporal  stability  of  the  induced  polar  order 
is  essential.  Relaxation  of  the  polar  order  arises  from  thermal 
randomization  processes  due  to  the  molecular  mobility  in  the 
amorphous  polymers.  This  mobility  is  a  function  of  (1)  the  structure 
of  the  polymer  backbone  and  chromophore,  (2)  the  amount  of  free 
volume  frozen  in  the  glassy  state  and  (3)  the  temperature  of  storage. 
A  suitable  approach  to  an  increased  temporal  stability  of  the  polar 
order  is  to  increa.se  the  T,  of  the  polymeric  materials  [8,9]  .  For 
most  practical  purposes,  a  T,  of  >130  ”C  will  result  in  sufficient 
temporal  stability,  even  at  elevated  temperatures  [9].  We  have 
prepared  copolymers  of  MMA  and  the  methacrylates  of  3  ,  4  and 
5  to  investigate  the  influence  of  the  spacer  length  on  the  temporal 
stability  of  the  polar  order.  Polymers  were  prepared  in  the  molar 
ratio  0.81:0.19,  by  the  procedure  described  above.  Again,  these 
polymers  are  amorphous,  glassy  materials.  The  highest  T,  was 
observed  for  n  =  2  :  127  °C  .  For  n  =4  the  T,  is  109  °C.  All  three 
polymeric  materials  have,  within  experimental  error,  identical 
rfirvalues  of  10  pm/V  at  1064  nm  after  poling  just  below  their  T,. 
Experiments  to  compare  the  temporal  stability  of  thase  copolymers 
at  elevated  temperatures  are  currently  underway. 

Sofar  few  experiments  have  been  described  in  literature  about 
the  photochemical  stability  of  NLO  polymeric  materials.  Organic 
materials  are  reportedly  able  to  withstand  high  intensity  radiation. 
However,  the  demands  on  these  materials  are  truely  phenomenal  in 
frequency  doubling  devices.  For  write  applications  in  optical 
recording  systems  power  dertsities  larger  than  O.l  MW/cm^  are 
required,  at  a  wavelength  close  to  the  absorption  band  of  the  NLO 
chromophore.  Therefore  we  have  started  a  systematical  inquiry 
into  the  photochemical  stability  of  chromophores  and  polymers  to 
be  used  in  frequency  doubling.  Our  preliminary  experiments  have 
been  performed  with  copolymer  7  which  we  described  earlier 
[3,4,5].  This  NLO  material  was  irradiated  with  focussed  413  nm 
radiation  from  a  CW  Kr-ion  laser,  this  wavelength  being  just  above 
A,„f.,/r*or  this  material.  According  to  the  Grotthus- Draper  principle 
[10]  a  photochemical  reaction  only  takes  place  if  light  is  absorbed. 
The  CT  band  in  the  UV-VIS  spectrum  of  our  material  is  a  measure 
of  the  concentration  of  the  chromophore  and  thus  a  measure  of  the 
nonlinearity  of  the  material.  Figure  2  shows  a  strong  and 
irreversible  decrease  of  the  CT  band  for  a  power  density  of  about 
0.1  kW/cm’  for  a  period  of  26  minutes,  although  the  residual 
absorption  of  the  chromophore  at  413  nm  is  less  than  I  cm  '  .  The 
pure  polymer  PMMA  is  effectively  ablated  in  seconds  at  power 
densities  of  0.3  MW/cm’  and  poly(a-methylstyrene)  at  I  MW/cm’. 
Probably  a  radical  mechanism  is  responsible  for  the  degradation 
of  the.se  pure  polymers.  This  idea  is  supported  by  the  fact  that  pure 
poly(bis-phenol-A-carbonatc),  which  is  not  formed  by  a  radical 
polymerization,  docs  not  show  any  ablation  up  to  the  highest 
available  power  densities  of  60  MW/cm’  .  Since  the  presence  of 
radicals  in  the  NLO  materials  may  be  of  negative  influence  on  the 
lifetime  of  the  NLO  chromophore  we  arc  currently  studying  (I) 
NLO  side-chain  polymers  that  are  based  on  polycondensation  or 
polyaddition  reactions  (polyesters,  polyepoxidcs,  polyurethanes) 
and  (2)  the  influence  of  radical  .scavengers  on  the  photochemical 
stability  of  NLO  chromophores  and  polymers. 
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Conclusions 


We  have  prepared  various  PMMA  copolymer  side-chain 
materials  based  on  the  4-(dimettyIamino)- 

4'-{aIkylsulphonyl)biphenyl  chromophore  system.  These  materials 
are  especially  designed  for  application  in  frequency  doubling.  The 
copolymers  are  amorphous  materials  up  to  75  Vo  w/w  of  the 
methacrylate  of  the  chromophore.  The  d-n  -value  of  this  material 
exceeds  that  of  LiNbOj.  By  variation  of  the  spacer-length,  the  T, 
could  be  raised  from  106  °C  to  127  °C.  Therefore  the  temporal 
stability  of  the  polar  order  in  these  materials  is  expected  to  be 
sufficient  for  practical  purposes.  However,  the  photochemical 
stability  of  the  chromophore  and  of  the  polymer  backbone  under 
the  strenuous  conditions  in  frequency  doubling  must  be  improved. 
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Scheme  I.  Schematic  representation  of  chromophore  synthesis. 


Figure  I.  Structure  of  copolymer  7  . 


Figure  2.  Absorption  spectrum  of  NLO  copolymer  7  before  (curve 
a)  and  after  irradiation  with  0.1  kW/cm’  of  413  nm  radiation 
during  26  minutes  (curve  b). 


r,  at  840  nm 

Fable  I.  Structure  and  properties  of  polymer  6  ,  designed  for 
frequency  doubling  of  GaAs/AIGaAs  diode  lasers. 
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Introduction 

Frequency  doubling  is  becoming  increasingly  important  in  a 
number  of  areas  such  as  optical  data  storage  and  displays. 
However  compact  solid  state  lasers  are  only  available  at  0.63  pm 
and  longer  wavelengths  which  limit  their  application.  For  this 
reason  there  are  great  efforts  underway  to  frequency  double 
existing  near-infrared  light  sources  to  the  blue/ violet  region  of 
the  spectrum.  Frequency  doubling  is  inherently  a  weak  and 
inefficient  process  because  the  transfer  of  energy  from  the 
fundamental  to  the  harmonic  is  limited  by  dephasing  due  to 
the  mismatch  of  refractive  indices  at  the  fundamental  and 
harmonic.  A  number  of  techniques  have  been  developed  to 
match  the  effective  indices  at  the  fundamental  and  harmonic 
wavelengths  and  the  process  is  called  phase  matching. 

Waveguides  are  attractive  for  efficient  doubling  because  high 
power  intensities  result  from  low  power  lasers  in  channel 
waveguides,  long  interaction  lengths  are  possible  (several 
millimeters)  without  diffraction  and  the  waveguide  dispersion 
projjerties  can  be  used  for  phase  matching.  Also  waveguide 
doublers  can  be  integrated  with  other  sources,  detectors  and 
other  waveguide  components  to  make  a  compact  light  weight 
system. 

Waveguide  frequency  doublers  have  been  fabricated  from  many 
materials.lt  presents  a  special  challenge  to  chemists  and 
material  scientists  to  create  nonlinear  opticad  materials  that  ate 
transparent  at  both  the  fundamental  and  harmonic 
wavelengths.  They  must  also  be  processible  to  form  thin  films 
whose  refractive  indices  can  be  accurately  controlled.  The 
condition  of  phase  matching  puts  additional  demands  on  the 
material  such  as  the  need  to  periodically  pole.  Amongst  the 
materials  under  study  for  waveguide  frequency  doublers  are 
inorganic  crystals  such  as  KTP,  organic  crystals  and  most 
recently  pxtlymers. 

Nonlinear  Optical  Dyes  and  Polymers 

Recently  nonlinear  optical  polymers  have  been  studied  for 
electrooptical  and  frequency  doubling  applications.  They 
present  an  interesting  challenge  to  chemists  to  design  dyes  that 
have  large  activity  whilst  being  transparent  at  the  harmonic 
wavelength  (0.4-0.5  mm)  They  must  also  be  photolytically 
stable.  Cheng  et  al[l]  have  made  an  extensive  EFISH  study  of 
activity  versus  transparency  and  conclude  that  4-methoxy  4’ 
sulphoxide  stilbene(M0S02S)  has  good  activity  (  pb=  292  xKL'lS 
esu  at  0.8  mm  )  with  a  Xmax  =0.336  mm. 

Then  the  dye  can  be  attached  to  a  px)lymer  backbone  in  order  to 
increase  the  number  density  of  dyes  and  obtain  a  spin  coatable 
polymer  which  also  has  good  mechanical  properties.  An 
example  of  a  nonlinear  optical  polymer  that  Las  b^n  used  in 
frequency  doubling  is  shoivn  in  Fig.  1.  The  active  dye  is  4- 
methoxy  4'-nitrostilbene(21  which  has  a  Xmax  =0.370  mm,  x^^^= 
8  pm/V  when  p>oled  at  70  V/pm  and  measured  by  SHG  using 
1.3  mm  fundamental  wavelength.  Rikken  et  al.(3]  have  also 
made  a  copolymer  incorporating  the  MOSO2S  dye  and  they 

obtain  18  pm/V  when  poled  at  120  V/pm  and  measured 
at  0.8  mm. 
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4,4'Oxynitrostilbene  Copolymer  for  Frequency  Doubling 
Fig.  1 

Phasematching  in  Frequency  Doubling  Waveguides 

Polymer  waveguides  are  made  by  spin  coating  a  fx)lymer 
solution  onto  a  substrate  such  as  a  silicon  wafer.  The  active 
nonlinear  optical  guide  has  cladding  polymers  of  lower  index 
to  confine  the  radiation.  Then  the  waveguide  is  poled  to  obtain 
a  x^^^  waveguide.  It  is  a  well  knovm  result  from  waveguide 

theory  that  the  effective  indices  N“  and  n2<>>  of  the 
fundamental  and  harmonic  are  dep>endent  on  the  waveguide 
parameters  such  as  the  guide/cladding  indices  and  thickness  of 
the  waveguide[4).  In  order  to  obtain  efficient  second  harmonic 
generation  (SHG)  the  effective  indices  must  be  equal  or  the 
mismatch  of  indices  must  be  compensated  (phase  matching). 
Also  one  tries  to  optimize  other  properties  such  as  phase 
matching  the  largest  nonlinear  optical  (NLO)  coefficient, 
maximizing  the  overlap  of  the  optical  fields  of  the 
fundamental  and  harmonic  radiation  and  finally  designing  the 
waveguide  to  be  insensitive  to  fabrication  variabilities  such  as 
index  and  thickness  fluctuations.  The  last  asp>ect  of  quasi  phase 
matching  enables  the  fabrication  of  longer  frequency  doublers. 
[3 

One  approach  that  meets  the  above  criteria  for  efficent  SHG  is 
quasi  phase  matching  [2,6,7,8].  The  basic  idea  is  to  modulate 
periodically  the  NLO  waveguide  to  compensate  for  the 
mismatch  of  refractive  indices.  This  allows  one  to  phase 
match  the  largest  NLO  coefficient,  use  zeroth  order  modes  for 
the  fundamental  and  harmonic  waves  with  a  resultant  large 
overlap  of  optical  fields  tmd,finally,  the  waveguide  parameters 
can  be  adjusted  to  make  it  relatively  insensitive  to  random 
thickness/index  variabilities  (noncritical  quasi  phase 
matching).  This  approach  has  been  implemented  in  two  ways. 
Khanarian  et  al  [2,8]  have  fabricated  periodically  poled  slab 
waveguides  using  the  polymer  shovim  in  Fig.  1  and  used  1.34 
mm  fundamental  radiation  to  observe  the  highest  reported 
efficiencies  to  date.  Rikken  et  al.  [9]  made  a  slab  waveguide 
from  a  polymer  containing  the  MOSO2S  dye,  poled  it 
uniformly,  etched  the  top  electrode  and  then  periodically 
bleached  the  NLO  polymer.  They  observed  phase  matching 
using  0.8  mm  radiation.  The  efficiencies  of  these  two 
demonstrations  is  given  in  Table  1. 
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V  classic  approach  to  phase  matching  is  using  the  modal 
.ispersion  properties  of  waveguides  such  that  the  fundamental 
;  in  the  zeroth  order  mode  and  the  harmonic  is  travelling 
long  a  higher  order  modet4].  This  approach  has  been  used  by 
ugihara  et  al  [10]  to  observe  phase  matched  SHG  in  a  slab 
waveguide  guest  host  film  of  NWA  in  PMMA.  This  approach 
tilizes  the  largest  nonlinear  optical  coefficent  d33  but  there  is 
mall  overlap  of  optical  fields  and  it  is  critically  important  to 
ave  very  smooth  waveguides.  Another  approach  is 
oncollinear  phase  matching  where  the  fundamental  is  split 
ito  two  and  brought  together  again  at  a  small  angle  in  the  slab 
'aveguide.  Again  the  fundamental  is  in  the  zeroth  order 
lodc  and  the  harmonic  in  the  third  order  mode.  By  varying 
\e  angle  Shuto  et  al.  [11]  were  able  to  phase  matching  in  a  slab 
'aveguide  made  from  the  polymer  shown  in  Fig.  1.  The 
■Bdendes  are  given  in  Table  1. 

ompeting  Materials 

TPI7]  <ind  LiNbOsIB]  are  inorganic  crystals  that  have  been  used 
1  fabricate  periodic  frequency  doublers.  The  result  in  KTP  is 
le  highest  reported  for  any  waveguide  frequency  doubler  and 
rsults  from  the  fact  that  the  modulation  depth  of  is  high, 
te  radiation  is  confined  to  a  channel,  the  waveguides  are  low 
ss  and  also  noncritically  phase  matched. 


Tabit  1 

Comparison  of  Polymer  Frequency  Doubling  Results 
with  KTP  and  LiNbOj 


Matgrial 

Waveguide 

Format 

len^h  ^P.M) 
(mm) 

Efficiency 

Ca/watU 

a£i 

KTP 

channel 

5 

10 

7 

UNb03 

channel 

1 

0.24 

6 

Oxynitrostilbene 

Slab 

5 

0,01 

8 

Copolymer 

Oxynitrostilbene 

Slab 

O.M 

3kl0'' 

11 

Copolymer 

OxysulphoxxJestilbene 

Slab 

9 

Copolymer 

MNA/PMMA 

Slab 

1.7*10'* 

10 

Cuest/Ho« 


onclusions 

relimary  studies  of  frequency  doubling  in  slab  waveguides 
tow  that  it  is  a  promising  approach  to  making  efficient 
aublers.  It  presents  a  challenge  to  chemists  to  design  high 
■fivity  dyes  that  are  also  transparent  at  the  second  harmonic, 
td  also  to  the  polymer  materid  sdentists  to  fabricate  smooth 
aveguides  which  can  be  phase  matched.  More  work  remains 
'  be  done  on  different  phase  matching  schemes  such  as 
iriodic  pioling  and  bleaching  and  the  fabrication  of  smooth 
w  loss  channel  waveguides  in  polymers. 


References 

1.  L.T. Cheng,  W.Tam,  A.Feiring  and  G.Rikken,  Proc.  SPIE, 
1990, 1337, 203 

2.  G.  Khanarian,  R.  A.  Norwood,  D.  Haas,  B.  Feuer  and  D. 
Karim,  Appl.  Phys.  Lett.  1990,  57, 977 

3.  G.  Rikken,  C.  Seppen,S.  Nijhuis  and  E.  W.  Meijer,  Appl. 
Phys.  Lett.  1991,58,435 

4.  G.  I.  Stegeman,  J.  J.  Burke  and  C.  T.  Seaton,  Chapter  9  in 
"Integrated  Optical  Circuits  and  Components",  Ed.  L.  D. 
Hutcheson,  Marcel  Dekker,  N.  Y.  1987 

5.  E.  Lim,  M.  Matsumoto  and  M.  M.  Fejer,  Appl.  Phys.  Lett, 
1991 

6.  E.  J.  Lim,  M.  M.  Fejer,  R.  L.  Beyer  and  W.  J.  Kozlovsky, 
Elect  Lett.  1989, 25, 731 

7.  C.  J.  van  der  Poel,  J.  D.  Bierlein,  J.  B.  Brown  and  S.  Colak, 
Appl.  Phys.  Lett.  1990, 57, 2074 

8.  R.  A.  Norwood  and  G.  Khanarian,  Elect.  Lett.  1990,  26, 
2105 

9.  G.  Rikken,  C.  Seppen,  S.  Nijhuis  and  E.  Staring,  Proc.  SPIE, 
1990,1337,35 

10.  O.  Sugihara,  T.  Kinoshita,  M.  Okabe,  S.  Kunioka,  Y. 
Nonaka  and  K.  Sasaki,  to  appear  in  Appl.  Optics,  1991 

11.  y.  Shuto,  H.  Takara,  M.  Amano  and  T.  Kaino,  Jap.  J.  Appl. 
Phys.  1989, 28, 2508 


121 


PHOTOCHEMICALLY  DEUNEATED  REFRACTIVE  INDEX 
PROFILES  IN  POLYMERIC  SLAB  WAVEGUIDES 
by 

Keith  A.  Horn.  David  B.  Schwind,  and  James  T.  Yardley 
Allied-Signal  Inc. 

Research  and  Technology 
101  Columbia  Road 
Morristown,  NJ  07962-1021 

Introduction 

Thin  organic  polymeric  films  are  promising  materials  for  planar 
integrated  optical  waveguides  and  devices.'  Several  recent  papers^'*  have 
described  a  direct  one-step  ultraviolet  photolithographic  method  for  the 
formation  of  polymer  waveguides  via  lamp  exposure  through  a  mask.  In 
general  the  polymeric  systems  utilized  in  these  systems  require  high 
fluences  (10-1000  J/cm^  to  achieve  waveguiding.  Two  fundamental 
phenomena  combine  to  cause  this  low  sensitivity  or  photospeed.  In  the 
cases  described  to  date,  the  quantum  yields  (4>)  for  photochemical  reaction 
are  low  (<  <  10"^  thereby  requiring  the  high  doses  reported.  In  addition 
these  systems  often  contain  high  oscillator  strength  chromophores  resulting 
in  large  optical  densities  at  the  wavelengths  used  to  induce  the 
photochemical  reaction  responsible  for  the  refractive  index  change.  The 
lithographic  light  is  not  uniformly  absorbed  by  these  highly  absorbing 
films  and  graded  refractive  index  (GRIN)  structures  result.  In  order  to 
model  the  propagation  of  light  in  organic  thin  film  waveguides  and  devices 
it  is  important  to  be  able  to  model  the  GRIN  profile  produced  by  these 
photochemical  reactions  and  to  calculate  the  propagation  constants  for 
such  structures. 

For  a  slab  waveguide  film  of  thickness  d,  which  contains  a  photo- 
chemically  reactive  chromophore,  the  light  intensity  as  a  function  of  depth 
and  the  number  density  as  a  function  of  time  are  related  by  the  Beer- 
Lambert  equation  and  the  rate  equation 


position  in  the  film  and  photochemical  dose  allows  us  to  apply  a  "WKB 
model’  to  determine  the  effective  index  of  the  propagating  modes  in  slab 
waveguides  generated  in  this  manner. 

Results  and  Discussion 

We  have  previously  described  a  model  system  for  the  photo¬ 
chemical  delineation  of  waveguides  in  polymeric  films  which  consists  of 
a  monomeric  nitrone  dissolved  in  a  polymeric  film  such  as  PMMA.  The 
photochemical  reaction  of  (4-dimethylaminophenyl)-N-phenyl  nitrone 
(DMAPN)  is  shown  in  Eq.  5.  The  quantum  yields  for  the  conversion  of 
nitrones  such  as  DMAPN  to  the  corresponding  oxaziridines  typically  range 
from  0.1  to  1.0.  Since  the  oxaziridine  absorption  maximum  is  at  ca. 
270nm,  irradiation  with  410nm  light  results  in  a  clean  bleach  of  the 
nitrone  absorption  without  interference  by  the  photoproduct. 


Thin  films  of  DMAPN/PMMA  were  spin  coated  on  quartz 
substrates  and  irradiated  at  410nm  (xenon  lamp/monochromator  source, 
lOnm  bandpass).  The  transmitted  intensity  was  monitored  as  a  function 
of  time.  Figure  1  shows  the  fit  of  Eq.  3  to  the  transmitted  intensity  data. 
From  this  fit  the  absorption  coefficient  ot  and  K  were  determined  to  be  3. 1 
cm  '  and  3.4  x  10^  s  '.  Substitution  of  the  transmittance  T  for  e’"  in  Eq. 
3  and  rearrangement  suggests  that  a  plot  of  ln((l-T)/T)  vs  time  should  be 
a  straight  line  v/ith  a  slope  of  as  shown  in  Figure  1 . 


Figure  1 


where  <r  is  the  absorption  cross  section,  N/V  is  the  number  density  and  4> 
is  the  quantum  yield  for  the  photochemical  reaction.  Eqs.  3  and  4  are  the 
integrated  analytical  solutions  to  these  equations’  (a  =  <?(N/V))  for  the 
case  in  which  the  chromophore  bleaches  to  give  phoioproducts  which  are 
transprarent  to  the  lithographic  source. 


2 _ g-" 

4  +  g- 


(3) 


mi  .  ■  r4) 

iNIV)^  g-'*^'(l-g-“0  +  g-“ 

Few  photochemical  reactions  are  sufficiently  free  of  absorbing  photo¬ 
products  for  verification  of  these  exact  solutions.  The.se  rate  equations 
have,  however,  been  adapted  to  describe  the  growth  of  pha.sc  holograms.’  ’ 
Use  of  this  photochemical  model  to  determine  N/V  as  a  function  of 
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The  refractive  index  profile  determined  from  this  photochemical 
bleaching  model  was  then  used  to  determine  the  slab  waveguiding 
pr(q)erties  of  this  film  at  815nm  using  the  WKB  approximation. The 
effective  indexes  of  the  single  slab  mode  carried  by  this  0.68  micron  thick 
film  (measured  as  a  function  of  irradiation  time)  are  plotted  in  Figure  2. 
rhe  conditions  for  guided  waves  in  the  WKB  approximation  are  given  by 
Sq.  6 
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«dicte  k,  =  2ir/X„,  m  is  the  mode  index  and  the  x  axis  is  the  depth 
lirection  in  the  film.  The  solid  line  in  Figure  2  is  a  fit  of  Eq.  6  for  m  = 
)  (the  lowest  order  guided  mode)  to  the  measured  effective  indexes. 


Figure  2 
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'xmclusions 

Graded  refractive  index  profiles  generated  by  photolithographic 
rocesses  in  thin  organic  polymer  films  can  be  effectively  modelled  (in  the 
bsence  of  absorbing  photoproducts)  by  the  integrated  rate  expressions 
iven  by  Simmons.’  Use  of  the  WKB  approximation  allows  the  effective 
dexes  of  the  guided  modes  to  be  efficiently  calculated. 
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Many  conjugated  polymers  have  been  tested  for  their  third  order 
nonlinear  optical  properties  but  fundamental  understanding  of  the  strucnire- 

relationships  is  not  yet  established.  It  is  important  to  investigate  the 
wavelength  dispersion  of  x^^*  i»  series  of  systematically  synthesized 
polymers  to  establish  such  structure- X^^  correlations.  The  present  results 
are  part  of  such  an  on  going  research  effort  in  our  laboratory  [  1  ]. 

Conjugated  rigid-r^  polyquinolines  are  thermally  stable  (S00-60CP 
Q,  high  mechanical  strength,  film-  and  fiber-forming  materials[21  that  can 
be  doped  to  a  high  electronic  conductivity  (10  S/cm)(31.  These  polymers  are 
soluble  in  high  concentration  in  their  usual  polymerization  solvent,  di-tn- 
CTcsyl  phosphate  (DCP)/m-cresol[4J  or  in  Lewis  acids  (AICI3,  GaCls, 
ctc.ynitroalkanes[51  to  form  lyotropic  liquid  crystallme  solutions  and  hence 
are  processable  to  thin  films  and  fibers.  One  of  the  most  attractive  features 
of  tto  class  of  conjugated  polymers  is  the  flexible  synthetic  scheme  with 
which  the  basic  polyquinoline  nwlecular  structure  can  be  ttudified.  This 
makes  the  conjugate  polyquiitolines  an  ideal  class  of  polymers,  or  model 

systems,  for  the  investigation  of  struemre-x^'  relationships. 

We  propose  a  series  of  conjugated  polyquinolines  in  which 


molecular  structures  have  been  modified  to  vary  the  extent  of  effective  n- 
electron  delocalization  along  the  backbone  of  the  polymer  chain.  In  the 
molecular  structure  of  die  most  commonly  studied  rigid-rod  polyquinoline, 
poly(2,  2'-(p,  p'-biphenylene)-6,  6'-bis  (4-phenyl  quinoline)  (PBf^,  three 
regions 


(A,  B  &  Q  of  steric  hinderance  due  to  the  adjacent  ortho-hydrogens  of 
aromatic  rings  can  be  identified.  We  have  systematically  modified  these 
regions  to  seek  the  effect  of  tt -electron  delocalization  on  the  X^^*  of  these 
materials.  The  following  structures  are  being  investigated  in  this  study: 


I 


b 
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I  =  PPQ 
Ila  =  PFPQ 
lib  =  PBPQ 
lie  =  PSPQ 
Hd  =  PBAPQ 
He  =  PVPQ 
Ilf  =  PAPQ 


r 


Ilia  =  PPDA 
Illb  =  PBDA 
nic  =  P.SDA 
nid  =  PFADA 
Ille  =  PVDA 
Illf  =  PADA 


We  have  also  synthesized  random  copolymers  of  the  conjugated 
rigid-rod  polyquinolines  in  order  to  investigate  the  effect  of  disorder  in  the 
main  chain  of  the  polymers  on  their  third-order  optical  nonlineaiities. 
Copolymerization  also  provides  a  way  to  reduce  or  eliminate  the  crystallinity 
of  the  polymers  and  hence  possibly  r^uce  optical  losses  due  to  scattering. 

EXPERIMENTAL 

.Svmhe.sis:  The  monomers  were  synthesized  according  to  the  methods 
reported  in  literature:  3,  3'-dibenzoyl  benzidine[4,  6);  2,  5-dibcnzoyl-l,  4- 
phcnylene  diaminel?];  5-acetyl  -2-amino  bcnzophenone[8];  diacetyl 
stilbcnel9];  diacetyl  biphenylacetylcne[  lOJ.  Diacetyl  biphenyl  arid  diacetyl 
benzene  were  obtained  commercially  and  were  purified!  1 1]. 

A  mixture  of  DCP/m-cresol  was  used  as  a  polymerization  medium 
and  was  synthesized  as  reported  by  Beever  et  al.[12].  The  method  of 
polymerization  was  similar  to  that  adopted  by  Stifle  and  coworkers[4]. 
Equal  moles  of  each  bis(amino  ketone)  and  bis(keto  methylene)  monomers 
were  reacted  in  DCP/m-cresol  at  140°  C  under  Ar  for  48  hrs.  Tlie  resulting 
polymerization  dope  was  precipitated  in  10%  iriethyl  aminc/ethanol  mixture 
to  t^tain  a  pure  polymer  which  was  dried  overnight  at  80°  C  under  vacuum. 
All  of  the  polymers  were  obtained  in  high  yield  (>95%).  The  intrinsic 
viscosities  obtained  in  each  case  are  reported  in  Table  1. 

Film  preparation:  Isotropic  solutions  of  polyquinolines  (1-3%)  obtained  in 
DCP/m-cresol  (1:5)  medium  were  used  to  cast  thin  films.  These  films  were 
obtained  by  shearing  a  thin  layer  of  polymer  solution  between  two  optically 
flat  silica  substrate  (5  cm  in  diameter).  The  coatings  on  silica  substrates 
were  kept  at  95°  C  for  5-7  hrs  under  vacuum  to  remove  the  solvent  (m- 
cresol).  The  resulting  thin  films  of  polymer/DCP  complex  were  precipitated 
in  10%  triethyl  amine/ethanol  mixture  and  kept  in  this  solvent  ovonighL 
Films  of  the  pure  polyquinolines  were  dried  under  vacuum  at  95°  C  for  4-6 
hrs. 

x‘^^measuremcnts:  THG  experiments  were  performed  with  a  picosecond 
laser  system  continuously  tuneable  in  the  range  of  0.6-4  pm.  This  source 
has  been  described  in  detail  earlier!  13).  For  this  work,  we  have  used  a 
repetition  rate  of  10  Hz  and  a  pulscwidth  of  30-50  ps.  Using  the  method 
explained  elsewhere!  14],  measurements  were  made  in  the  fundamental 
wavelength  range  of  0.9-2.4  pm.  The  reported  x^*  values  are  the  average 
values,  corrected  for  absorption  at  the  third  harmonic  wavelength  and  are 
obtained  relative  to  x*^*  for  ‘he  fused  silica  (=  2.8  x  10  '^  esu  at  1.9  pm). 

The  error  in  x*^^  values  of  the  films,  typically  ±20%,  reflects  mostly  the 
error  in  film  thickness  measurement  since  the  repeatability  of  individual 

results  for  each  material  is  ±5%. 

RESULTS  AND  DISCUSSION 

The  absorption  maxima  of  conjugated  polyquinolines  lie  around  4(X) 
nm  and  the  polymers  are  essentially  transparent  above  500  nm.  Typical 
electronic  abrorption  spectra  of  three  derivatives  of  polyquinoline  are  shown 
in  Figure  1 .  Optical  Loss  measurements  on  these  polymers  gave  a  values  of 

the  order  1-10  cm  *  in  the  region  0.8  to  2.0  pm. 

Table  1  shows  the  values  of  linear  optical  properties  and  intrinsic 
viscosities  for  seven  homopolymers  and  three  copolymers.  The  polymers 
exhibit  decreasing  band  gaps  and  hence  increasing  degree  of  x-election 
delocalization  m  the  order:  PSDA  >  PBADA  >  PBDA  >  PSPQ  >  PBAPQ  > 
PBPQ.  Introduction  of  biphenyl  acetylene-  linkage  (in  PBAPQ,  PBADA)  in 
place  of  biphenylene-linkage  (in  PBPQ,  PBDA)  has  reduced  the  adverse 
effect  of  steric  hinderance  in  the  region  A,  which  when  replaced  by  stilbene- 
linkage  (in  PSPQ,  PSDA)  has  resulted  in  further  improvement  of  the  x- 
electron  delocalization.  When  structures  II  and  III  are  compared,  better 
electron  delocalization  is  shown  by  III  due  to  absence  of  the  steric 
hinderance  in  region  C  of  the  latter.  We  expect  that  polymers  Ille  and  Illf 
when  synthesized,  will  exhibit  the  smallest  band  gaps  among  the  polymers 
under  study. 

Figure  2  shows  the  wavelength  dispersion  of  the  x^*(-3a);  to,  to,  to) 
of  the  three  homopolymcrs:  PBPQ.  PBAPQ,  and  PSPQ.  The  x^^*  spectra 
of  these  polymers  exhibit  a  resonance  peak  at  about  1.2  pm  and  off- 
resonance  x^^*  values  in  the  region  1. 8-2.0  pm.  CXcurrence  of  a  resonance 
peak  at  about  three  times  the  and  absence  of  any  absorption  features  in 
the  0.5-2.0  pm  range  in  their  absorption  spectra  suggest  that  the  peaks  are 
due  to  three-photon  resonance.  Based  on  various  theoretical  models)  15), 
which  predict  a  strong  dependence  of  x*'*  on  band  gap  of  the  material,  one 
can  expect  increasing  values  of  x*'*  with  the  decreasing  band  gaps  of  the 
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reported  polymers.  However,  we  do  not  observe  any  significant  effect  of 
the  structure  in  the  off-resonant  region  where  all  of  the  polymers  show 

about  the  same  value  of  ~2xl0  '^  esu.  The  values  of  x*^'  increases 
above  this  by  about  an  order  of  magnitude  in  the  resonance  region,  x*"*^  at 
the  resonance  peaks  for  PBPQ,  PBAPQ,  and  PSPQ  are  1.92x10  ", 
2.66x10"’  ,  and  8.12x10"’^  esu,  respectively.  In  this  resonance  region,  the 
effect  of  structures  is  much  more  pronounced  but  does  not  lie  in  the 
predicted  order  for  the  polymers.  These  results  clearly  indicate  the  presence 
of  other  factors  which  have  stronger  influence  on  x^*  than  that  of  the  band 
gap.  Elucidation  of  these  additional  factors  in  future  studies  may  result  in 
possible  approaches  to  enhance  the  x^^^  of  polymers  without  having  to 
reduce  the  tianqiarent  region. 

In  the  x^^^  spectra  of  PBAPQ,  PSPQ  and  their  random  copolymer 
(50:50),  a  resonance  peak  corresponding  to  three-photon  resonance  is 
observed  in  the  copolymer  u  well  as  the  homopolymers.  Similar  to  the 
linear  optical  properties,  third  order  nonlinear  optical  properties  of  the 
ctqmlymer  lie  in  between  those  of  constituent  homopolyme.rs.  x^^^  st  the 
resonance  peak  for  PBAPQ/PSPQ  is  1.78x10"’’  esu  which  is  very  close  to 
the  tnolM  average  value  of  1.74x10”  esu  calculated  from  the 
contributions  of  50%  each  of  PBAPQ  and  PSPQ.  The  disorder  introduced 
in  the  main  chain  of  the  copolyt^,  apparently,  does  not  have  any  influence 
on  the  optical  nonlinearity  of  this  series  of  polymers. 

CONCLUSIONS 

We  have  successfully  synthesized  a  series  of  polyquinolines  of 
systematically  derivadzed  molecular  structures  and  prepared  their  optical 
quality  thin  films.  Reasonably  large  values  of  X^^*  “  10"’’-10"’^  esu  with 
significandy  small  optical  losses  (-1-10  cm"’)  were  found  for  this  class  of 
polymers.  From  the  wavelength  dispersion  of  x^^  three-photon  resonance 
and  interesting  structure-property  relationships  were  ob^rved.  Although, 
there  was  no  significant  effect  of  structure  on  the  nonresonant  optical 
Donlinearities,  resonant  region  indicated  the  effect  of  factors  other  than  the 
band  gap.  The  copolymer  showed  linear  and  nonlinear  optical  properties  in 
between  those  of  constituent  honxipolymers. 
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Table  1  Linear  optical  properties  of  polyquinolines. 


POLYMERS 

((Hlat25'>C;dl/g) 

(film) 

(nm) 

E.  (film) 
(eV) 

(soln.) 

(nm) 

logc 

(soln.) 

PPQ  (0.95) 

410 

2.65 

389 

4.16 

PBPQ  (8.5) 

394 

2.81 

429 

4.83 

PBAPQ  (8.9) 

399 

2.72 

436 

4.86 

PSPQ  (31.3) 

408 

2.65 

467 

4.88 

PBDA  (6.85) 

414 

2.56 

484 

4.67 

PBADA  (7.65) 

426 

2.57 

490 

4.65 

PSDA  (30.3) 

448 

2.46 

547 

4.78 

PBPQ/PBAPQ  (25) 

397 

2.79 

431 

4.88 

PBPQ/PSPQ  (22.6) 

402 

2.72 

440 

4.77 

PSPQ/PBAPQ(14.3)  404 

2.72 

445 

4.81 
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Figure  1  Electronic  absorption  spectra  of  thin  films  of  PBPQ,  PBAPQ 
and  PSPQ. 
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Introduction 

Since  the  introduction  of  optical  fibres  there  has  been  a 
movement  to  replace  the  traditional  electronic  based  data 
manipulation  systems  with  a  much  faster  arxi  more  reliable 
system  employing  light.  Traditionally  the  specialised  switches 
and  modulators  required  for  such  a  system  have  been 
manufactured  from  optically  nonlinear  inorganic  crystals  such 
as  LiNbOj  and  KDP.  However  with  the  need  to  produce 
integrated  optical  circuits  on  a  sub-micron  scale,  these  crystals 
have  had  to  be  rejected  because  of  their  bulk  and  their 
complicated  processing  routines. 

Instead  atterrtion  has  been  turned  to  organic  materials''', 
where  molecules  with  very  large  nonlinear  optical  properties 
can  be  synthesised  and,  with  the  support  of  polymer  chemistry, 
used  to  produce  films  which  are  easily  processible  and  ideal  for 
integrated  circuits. 

The  initial  idea  of  introducing  highly  nonlinear  guest  molecules 
into  a  host  polymer  has  proved  to  be  quite  successful  in 
yielding  operational  devices'^  but  this  regime  does  have  its 
limitations.  Although  the  nonlinearity  of  the  guest  molecules  is 
high  they  can  only  ever  be  present  in  small  concentrations 
before  they  phase  separate  from  their  host  and  crystallise  to 
form  light  scattering  centres  reducing  the  performance  of  the 
device.  Also  the  practice  of  thermopoling,  the  technique  used 
to  generate  the  noncentrosymmetric  alignment  of  the  NLO 
groups  whilst  effective  has  only  limited  long  term  applications. 
The  glass  transition  temperature  of  most  of  the  host  materials 
used  to  date  is  not  high  enough  to  prevent  the  thermal 
relaxation  of  this  induced  molecular  ordering  (see  Figure  1). 
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Figure  1 :  A  Graph  to  Show  Molecular  Relaxation  with  Time 


Another  alternative  is  to  use  a  polymeric  material  where  the 
nonlinear  units  form  part  of  the  molecular  chains,  for  example 
side  groups'^.  However  these  materials,  although  they 
contain  a  far  higher  concentration  of  NLO  units,  still  suffer  from 
the  problem  of  a  gradual  relaxation  of  the  noncentrosymmetric 
alignment 

Perhaps  the  most  promising  idea  of  recent  years  is  to  add 
functional  groups  onto  a  central  nonlinear  molecule'''*'^. 
These  irtdividual  units  can  then  be  aligned  with  an  electric  field 
and  then  chemical  cross  links  formed  between  adjacent 
functional  grouprs  give  rise  to  a  long  range,  three-dimensional 
network,  effectively  locking  in  the  induced  molecular  order.  The 
glass  transition  temperature  of  such  a  system  orx»  linked  will 
be  extremely  high,  thereby  reducing  the  effect  of  possible 
thermal  relaxation  of  the  molecular  alignment 

As  with  previous  materials  the  individual  units  that  make  up  the 
prepolymer  are  heated  to  allow  greater  molecular  mobility  and 
to  reduce  the  curing  period.  However  at  these  higher 
temperatures  the  prepolymer  becomes  very  fluid,  leading  to  a 
drop  in  the  resistivity  of  the  material  and  a  risk  of  electrical 
breakdown  when  the  poling  field  is  applied,  resulting  in 
damaged  material.  The  solution  to  this  problem  so  far  has 
been  to  precure  the  material,  form  some  of  the  crosslinks 
between  molecules  thereby  increasing  the  resistivity  before  the 
field  is  applied.  However,  precuring  leads  to  restrictions  on  the 
molecular  alignment,  resulting  in  a  material  of  reduced 
nonlinear  optical  performance.  It  is  this  apparent  competition 
between  the  resistivity  of  the  prepoled  material  and  the 
effective  poling  of  the  NLO  units  that  is  the  subject  of  this 


Discussion 

We  have  set  out  to  explore  this  competition  through  two  parallel 
programmes  of  activity.  The  first  is  a  detailed  experimental 
assessment  of  the  levels  of  polar  alignment  which  can  be 
achieved  using  differing  chemical  configurations  of  the  network 
and  differing  non-linear  optical  chromophores.  The  second 
approach  is  to  model  the  various  processes  of  chemical 
reaction  and  electric  field  alignment  using  a  Monte  Carlo  type 
system. 

The  non-linear  optical  response  of  a  particular  material  is 
directly  proportional  to  the  number  density  of  active  units,  their 
non-linear  optical  susceptibility  and  the  level  of  polar  alignment. 
The  model  is  concerned  with  evaluating  the  level  of  polar 
alignment  commensurate  with  inherent  chemical  restraints  of  a 
polymer  network.  The  chemical  reaction  of  N  reactive  units  to 
form  a  three  dimensional  cross-linked  material  remoiins  a 
considerable  problem  within  molecular  modelling  in  its  own 
right.  We  have  therefore  partitioned  our  model  into  two  levels. 
The  first  of  these  is  concerned  with  the  detailed  conformational 
interaction  between  the  functional  units.  In  essence  what 
possible  angular  configurations  are  possible?  The  restrictions 
arising  from  the  particular  stereochemical  geometry  are  related 
to  detailed  atomistic  molecular  modelling'^'.  Using  various 
sampling  techniques  this  modelling  gives  for  any  particular 
molecular  pair  the  probabilities  of  each  possible  angle  between 
the  dipole  moments  of  the  non-linear  optical  chromophore.  The 


second  part  of  the  model  is  performed  within  a  lattice 
£y}proximation.  Within  the  three  dimensional  system, 
chromophores  with  functionality  f  and  non-chromophoric  N„ 
groi^  if  appropriate  are  placed  using  Bernoullian  statistics. 
Upon  application  of  an  electric  field  which  may  have  some  time 
dependence  relating  to  the  level  of  curing,  the  chromophores 
are  assigned  a  Boltzmann  type  distribution  of  angles  between 
the  dipole  mrxnents  p*  and  the  electric  field  vector  E(t).  By 
Monte  Carlo  sampling  techniques  particular  pairs  of 
chromophores  are  examined  and  their  angular  correlation 
assessed.  Through  a  standard  acceptance  test  taking  account 
of  the  probability  of  that  angular  correlation  from  the  atomistic 
modelling,  the  units  are  connected  or  alternative  action  is 
taken.  Snce  the  energy  of  chemical  reaction  is  high  this  will 
lead  to  modification  of  the  alignment  of  the  chromophores  as 
curing  proceeds.  The  basic  output  of  the  modelling  is 
where  is  the  angle  between  E(t)  and  p',  and  the  level  of 
curing.  These  may  be  related  to  the  SHG  signal  through  a 
knowledge  of  the  appropriate  molecular  parameters.  Within  the 
model  the  number  of  chromophores  and  their  functionality 
represent  important  parameters  and  the  results  of  variation  of 
such  parameters  may  be  related  to  similar  variation  in  the 
experimental  series  described  above.  For  example  at  low 
concentrations  of  the  multi-functional  groups  the  non-linear 
optical  response  is  linear  with  concentration  (Figure  2),  the  key 
question  is  how  to  maintain  this  linearity.  Using  these 
approach  we  are  able  to  build  up  a  comprehensive  appreciation 
of  the  structural  features  required  to  maximise  <tp>  whilst 
maintainirtg  a  large  number  density  of  chromophores  and  long 
term  stability  of  the  non-linear  optical  response. 
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Rgure2:  A  Graph  of  Nonlinear  Optical  Response  vs 
Concentration 
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Introduction 

Nanoscale  metal  clusters  have  physical,  electrical,  and  optical 
properties  that  diOer  from  those  of  the  bulk  metal,  (^antum  size 
effects  that  occur  in  metal  clusters  less  than  100  A  in  diameter  can 
lead  to  interesting  physical,  electrical,  and  nonlinear  optical 
behavior.  For  example,  gold  coUoitb  have  been  shown  to  have 
large  nonlinear  susceptibiiities.  Physicists  have  predicted  that 
for  metal  clusters  scales  with  the  inverse  third  power  of  the  radius.^ 
An  ordered  dispersion  of  small  metal  clusters  in  a  nonconductive 
matrix  leads  to  very  large  dielectric  coefficients.  As  the 
concentration  of  the  metal  clusters  reaches  the  percolation  threshold, 
the  dielectric  constant  increases  dramatically.^ 

In  the  past,  metal  clusters  have  been  synthesized  by  a  variety  of 
techniques,  including  hydrosols,  evaporation,  zeolitic 
encapsulation,  laser  ablation,  and  ion  exchang^chemical  reduction. 
There  are  inherent  difficulties  involved  in  placing  particles  generated 
by  these  techniques  in  a  well-ordered  array  within  a  glassy  matrix. 
Without  kinetic  barriers,  nanoclusters  can  aggregate  into  bulk 
material.  However,  strong  kinetic  barriers,  such  as  metal-polymer 
complexes,  prevent  true  metal  cluster  formation. 

Microphase  separated  block  copolymers  provide  a  well-ordered 
matrix  in  which  a  kinetic  restraint,  in  this  case  the  glass  transition 
temperature,  varies  significantly  between  the  two  separate  regions.* 
When  one  of  the  bloclu  contains  a  detachable  complexed  metal  atom 
in  the  repeat  unit,  and  the  other  block  has  a  significantly  higher  Tg,  a 
cluster  can  form  within  each  microphase  separated  region  without 
the  risk  of  aggregation.  (See  Figure  1.) 


Matrix  Polymer 
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Figure  I:  Metal  clusters  within  polymer  microdomains 


Microphase  separated  systems  can  be  annealed  and  oriented  into 
a  well-ordered  matrix.  Monodisperse  microdomains  of  metal- 
containing  polymers  effectively  restrict  cluster  size  to  a  narrow 
range  around  the  desired  size.  Because  of  these  advantages,  cluster 
formation  within  block  copolymer  microdomains  is  a  potentially 
useful  method  for  synthesizing  metal  nanoclusters  dispersed 
throughout  a  nonconductive  matrix,  and  for  investigating  the 
variation  of  optical  and  dielectric  properties  with  cluster  size. 


Block  Copolymer  Synthesis 

Ring  opening  metathesis  polymerization  of  a  strained  cyclic 
olefin,  such  as  methyltetracyclododeccne  (MTD)  or  norbomene 
(NBE),  with  a  well-<tefined  metal-alkylidenc  catalyst  (I)  yields  a 
living,  monodisperse  homopolymer.^  Subsequent  addition  of  the 
organomeiallic  compounds  palladium(allylbenzene)(cyclopentadien- 
ylmethylnorbOTnene)  (PdA(3pN)  or  platinum(trimethyl)(cyclopcnta- 
dienylmethylnorbomene)  (PtMeaCp^)  and  termination  with 
pivaldehyde  results  in  a  diblock  copolymer  in  which  each  repeat  unit 
in  one  of  the  blocks  contains  a  metal  complex.  An  example  of  the 
polymerization  is  shown  in  Figure  2. 

‘BuO-M=<^  +  * 

■BuO 

a)  NBE 

M  =  Mo,W; 

Ar  =  2,6-di-‘propylt*"“''® 


Figure  2;  Ring  opening  metathesis  polymerization  of  a  diblock 
copolymer  with  a  metal  atom  in  one  of  the  blocks. 

When  static  cast  firom  toluene,  block  copolymers  of  either  MTD 
or  NBE  and  PdACp^  or  PiMe3^N  microphase  separate  at  relatively 
low  molecular  weights.  The  microphase  separation  was 
characterized  with  small  angle  x-ray  scattering  (SAXS)  and 
transmission  electron  microscopy  (TEM).  SAXS  showed  no  long- 
range  order  within  the  plane  of  the  cast  film,  and  an  inierdomain 
spacing  of  190  to  300  A,  depending  on  the  molecular  weight  of  the 
sample.  Unlike  TEM  of  hydrocarbon  block  copolymers,  no 
staining  agent  is  necessary  for  TEM  of  these  diblocks.  The  metal 
atoms  automatically  slain  the  sample  because  of  their  greater  electron 
density.  To  date,  spherical  and  lamellar  morphologies  have  been 
observed  by  TEM.  A  micrograph  of  a  lamellar  sample  is  shown  in 
Figure  3. 

Cluster  Formation 

The  Pd  or  Pt  clusters  can  be  generated  by  reduction  through 
exposure  to  hydrogen  or  UV  radiation,  respectively.*  For  example, 
heating  a  sample  consisting  of  spherical  microdomains  of 
polyfPdACp’^)  in  poly(MTD)  at  100  °C  under  60  psig  H2  leads  to 
complete  of  cluster  formation  within  the  microdomains  within  38 
hours.  The  metal  cluster  formation  was  analyzed  with  wide  angle  x- 
ray  scattering  (WAXS).  Initially,  there  arc  no  peaks  at  20  values 
greater  than  25°.  After  18  hours  of  healing,  the  peaks 


12H 


The  fact  that  the  Pd(lll)  scattering  peak  shape,  intensity,  and 
location  do  not  change  upon  seveial  days  of  heating  shows  that  the 
p(dy(MTD)  matrix,  with  a  Tg  of  approximately  200C  is  an  effecdve 
barrier  to  interdomain  cluster  agj^gation.  In  the  case  of  cluster 
formation  within  a  lamellar  sample,  as  shown  m  the  TEM 
micrograph  in  Figure  4,  intradomain  cluster  aggre,^ation  is  sdll 
possible.  The  size  of  the  Pd  clusters  in  this  micrograph  range  from 
20-40  A.  The  polymer  domains  are  not  visible  beMuse  the  staining 
agent,  the  metal  atoms,  are  no  longer  dispersed  evenly  throughout 
one  domain.  However,  the  clusters  ^p^  to  line  up  like  a  string  of 
pearls,  suggesting  that  they  remain  within  the  original  lamellar 
domain. 
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Figure  3:  Lamellar  microphase  separation  in  a  static  cast  film 
of  (NBE)-(PdACpN)  diblock  copolymer. 


Figure  4:  Palladium  clusters  in  a  poly(MTD)  matrix. 
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INTRODUCTION 

The  recent  past  has  shown  that  the  employment  of  poled 
amorphous  polymers  has  been  a  very  promising  step  towards 
the  potential  application  for  second  harmonic  generation  and 
electro-optical  devices  (1).  Several  approaches  have  been  taken 
to  enhance  the  polIng-Induced  nonlinear  optical  susceptibility 
and  Its  long  term  stability  for  example  by  preparing  crosslinked 
epoxy  polymers  (2)  and  also  by  using  linear  epoxy  polymers 
with  specifically  designed  chromophores  covalently  attached  to 
the  polymer  backbone  (3).  In  this  paper  we  report  on 
investigations  of  some  nonlinear  optical  properties  of  a  series 
of  novel  linear  epoxy  polymers. 


A 


A=S02Me  BisA-MSAT 

=  S02(CF2)„F  BIsA-nFSAT 
(  n  =  2,  6,  12  ) 


A=S02Me  MSAT-MSAT 


A 

Fig.  Molecuiar  structures  of  the  epoxy  polymers 


MATERIALS 


Fig.  2:  UV-visible  absorption  spectrum  of  BIsA-MSAT 
(d  =  0.15/im) 


Furthermore,  the  poiymers  BisA-nFSAT  were  prepared  to 
study  the  influence  of  a  longer  rod-like  structure  of  the  NLO 
active  moieties  on  the  stability  of  the  polmg-induced  alignment 
All  polymers  (a)  investigated  are  amorphous  with  glass 
transition  temperatures  of  about  130°C.  To  achieve  a  higher 
density  of  the  NLO  chromophores  and  thus  an  increase  in  the 
magnitude  of  the  macroscopic  optical  nonlinearity  the  polymer 
(b)  was  synthesized.  It  exhibits  a  ciear  amorphous  structure 
with  no  tendency  to  form  a  liquid  crystalline  phase,  and  displays 
a  rather  high  glass  transition  temperature  of  ca,  160°C. 

EXPERIMENTAL 

Films  were  prepared  by  spin  coating  from  filtered  solutions 
on  uncoated  as  well  as  ITO-coated  quartz  waters.  The  film 
thicknesses  were  determined  by  o-step  stylus  profilometer 
measurements  and  waveguiding  experiments  using  a  prism 
coupler  (4).  They  ranged  from  0.1  to  2.1  ^m  depending  on  the 
concentration  of  the  solutions.  Larger  film  thicknesses  of  about 
4  ^m  were  obtained  by  film  casting  from  dilute  solutions  and 
subsequent  slow  evaporation  of  the  solvent.  The  dis>  dvantage 
of  this  film  preparation  technique  was  that  the  films  were  not 
homogeneous  in  the  overall  thickness  and  tended  to  develope 
cracks. 

To  achieve  a  noncentrosymmetric  structure  the  films  were 
poled  by  applying  an  electric  field  at  temperatures  close  to  the 
glass  transition  temperature.  Corona  discharge  poling  was 
used  because  this  technique  tolerates  defects  and  shorts  in  the 
samples  in  contrast  to  electrode  poling  where  lower  breakdown 
field  strengths  occur  in  general. 

The  unpoled  and  poled  films  were  characterized  by  means 
of  waveguiding  experiments  to  measure  the  index  of  refraction 
and  its  dispersion  for  in-plane  and  out-of-plane  polarization 
The  nonlinear  optical  coefficients  of  the  poled  samples  were 
determined  from  second  harmonic  generation  measurements 
employing  a  Nd-YAG  laser  with  /)  =  1064  nm  as  the  fundamental 
wavelength,  according  to  the  procedures  described  previously 
(5). 


These  polymers  consist  of  tolan  groups  providing  an 
extended  n-system  with  attached  pendant  sulfonyl  groups  which 
results  In  a  desired  blue-shift  of  the  absorption  (see  Fig  2)  In 
comparison  to  simillar  polymers  with  nitro  groups  (3). 


We  will  present  experimental  results  on  NLO  properties, 
induced  alignment,  and  the  relaxation  characteristics  as  a 
function  of  temperature 


no 
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The  photochemical  behavior  of  organic  chromopho- 
res  Incorporated  in  polymeric  materials  is  a 
topic  of  considerable  scientific  interest  with 
numerous  technological  applications  [1],  Light 
can  be  used  as  a  signal,  which  can  change  physi¬ 
cal  and  chemical  properties  of  molecules  in  an 
on  -  off  fashion  .  Photochromic  molecules  or 
moieties  play  an  important  role  in  such  systems, 
in  which  light  is  absorbed  that  causes  structu¬ 
ral  changes,  which  leads  to  the  subsequent 
effects  (  l.e. :  vision  [2]  ).  These  effects  are 
well  known  in  biology  and  can  explain  the  effect 
of  light  in  many  biological  processes. 

Recently  these  effects  are  also  observed  in 
synthetic  polymers  both  in  solution  and  in  the 
sol  id  state  [3  -  6 1 . 

The  cis  -  trans  isomerization  of  the  azobenzene 
chromophore  is  rather  well  investigated  l8l. 
This  cis  -  trans  isomerization  can  be  used  to 
construct  "  optical  switches"  with  respect  to 
applications  in  optical  (erasable)  storage  sys¬ 
tems,  or  in  display  technology  (5,7], 

The  reversible  cis  -  trans  isomerization  can  be 
envisioned  as  follows  : 


The  isomerization  is  mainly  dependent  on  Ai,  Az 
and  the  temperature  (A).  The  isomerization 
(  trans  — ^  cis  or  cis  — >  trans  )  that  is  induced 
by  irradiation  at  Ai  or  Az  ,  is  called  photo- 
isomerization,  while  the  isomerization  caused  by 
relaxation  of  the  cis  -  isomer  (  thermodynami¬ 
cally  unstable  )  in  the  dark  to  the  trans 
isomer  {  thermodynamically  stable  )  is  called 
the  thermal  isomerization.  It  is  this  isomeri¬ 
zation,  that  we  are  interested  In. 


It  is  known,  that  the  presence  of  a  polymeric 
matrix  effects  the  photoresponslve  behavior  of 
azobenzene  compounds  (6).  Photochromic  processes 
in  a  solid  matrix  such  as  polymers  generally 
proceed  with  considerable  deviations  from  what 
is  expected  from  the  behavior  in  solution.  But 
these  effects  are  already  rather  well 
understood.  What  we  are  interested  in,  is  what 
happens  to  the  photoresponslve  behavior  (  kine¬ 
tics  )  of  the  azobenzene  chromophores  in  the 
case  of  the  existence  of  a  special  interaction 
with  the  matrix.  The  type  of  these  interactions 
may  be  ionic  interactions,  or  hydrogen  bonding 
(  formation  of  polymeric  complexes  ).  The 
monomers  that  we  aimed  to  synthesize  and 
polymerize,  are  of  the  following  type  ; 


CH  =C 
z 


Rj  =  H,  CH^ 


n  =  0,  6  (11) 


R^  =  CO^H,  N(CH2)2  (CO^Et,  OCH^)  m  =  0,  1 


We  expect  that  the  kinetics  of  the  photorespon- 
sive  behavior  of  the  azobenzene  groups  with  COzH 
or  N(CH3)z  as  end  groups  might  deviate  from 
normal  kinetics  on  interaction  with  respectively 
(  poly  )  -  base  or  (  poly  )  -  acid  type  polymers 
(  in  solution  or  in  film  ). 

Preliminary  experiments  indicate  that  there  are 
effects  that  can  be  detected  in  case  of  the 
presence  of  these  interactions. 

Sofar  we  have  studied  the  thermal  Isomerization 
of  azobenzene  based  compounds  (  monomeric,  poly¬ 
meric  )  in  solution  with  other  end  groups  than 
COzH  or  N(CH3)z.  The  results  of  the  experiments 
comply  with  the  results  of  similar  experiments 
published  in  literature.  The  thermal  isomeriza- 
tions  follow  normal  first  -  order  kinetics. 

One  typical  feature  of  the  azobenzene  compounds 
with  COzH  or  N(CH3)z  end  groups  in  solution 
(DMF)  is  that  they  behave  like  azobenzene- 
based  pH  -  indicators,  like  methylorange  or 
methyl  red. 

What  the  exact  effect  of  this  phenomenon  will 
be  on  the  photoresponslve  behavior,  is  yet  to  be 
I nvest i gated. 
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Introduction 

Second-harmonic  generation  (SHG)  is  facilitated  by  materials  that 
combine  a  donor-acceptor  (DA)  molecular  system  which  is  conjugated  via 
hybrid  ti-molecular  orbitals  with  a  non-centrosymmetric  distribution  of 
molecules  The  first  property  is  characterized  by  a  very  high 
hyperpolarizability  (P)  and  exists  in  a  wide  variety  of  molecules  The 
second  characteristic  can  be  attained,  in  principle,  in  one  of  two  ways;  either 
by  using  a  pure  enantiomer  of  chiral  molecules  or  chiral  crystals,  or  by  a 
non-centrosymmetric  packing  of  symmetric  donor-acceptor  molecules 
which  possess  at  least  one  asymmetric  axis. 

Many  attempts  have  been  published  to  facilitate  non- 
centrosymmetric  packing  of  donor  acceptor  molecules  and  polymers.  While 
most  of  these  methods  maintain  the  first  layers  almost  perfectly  ordered, 
the  ordering  decreases  with  an  increasing  number  of  layers  ^  and  practical 
devices  with  substantial  SHG  are  difficult  to  obtain.  An  altemadve  route  is 
to  embody  the  SHG-active  molecules  in  a  host  matrix  and  orient  them  to 
produce  a  non-centrosymmetric  pattern.  The  most  convenient  route  to 
generate  this  non-centrosymmetric  ensemble  of  conjugated  molecules  is  by 
poling  them  with  an  intense  electric-field  This  must  be  done  under 
conditions  which  allow  sufficient  molecular  mobility  to  enable  the  desired 
orientation.  Poling  must  be  followed  by  a  decrease  in  the  mobility  in  order 
to  retain  the  non-centrosymmetric  pattern  after  the  electric  field  is  removed. 

The  salient  problem  of  SHG  materials  prepared  by  this  method  is 
the  spontaneous  random  reorientation  of  the  poled  molecules.  This  so- 
called  "relaxation"  of  the  poled  species  occurs  after  the  poling  field  is 
removed  and  leads  to  a  decay  of  the  SHG  properties  within  typical  half¬ 
times  of  1-10  days.  The  mechanism  of  this  "relaxation"  differs  from  one 
system  to  another.  In  some  cases  the  poled  species  were  encaged  in  the 
host-matrices  but  not  chemically  bound  to  them  and  thus,  remained  free  to 
reorient  *.  Others  have  poled  species  chemically  bound  to  the  host  matrix  as 
pendant  groups  of  a  polymeric  backbone.  Even  so,  the  poled  species  could 
still  reorient  via  several  rotation  modes  ^ .  Recently,  the  incorporation  of 
donor-acceptor  conjugated  molecules  into  the  backbone  of  epoxy-polymers 
was  reported  *.  In  these  studies,  the  prepolymers  were  simultaneously 
subjected  to  the  poling  field  and  to  temperatures  high  enough  to  induce 
curing  of  these  epoxies.  The  resultant  polymers  exhibited  a  fairly  stable 
SHG,  since  most  of  the  DA  molecules  were  attached  to  the  polymeric 
backbone  via  two  bonds  and  were  less  mobile  as  a  consequence. 

We  have  recently  introduced  a  new  fast  sol-gel  method  for  the 
preparation  of  supported  thin-film  glasses,  which  are  capable  of  encaging 
high  concentrations  of  discrete  guest  molecules  ’-'O  jhe  present  work 
focussed  on  the  selection,  incorporation  and  encaging  of  SHG  molecules  in 
these  thin-films.  The  investigation  of  various  combinations  of  simultaneous 
poling,  curing  and  chemical-binding  of  SHG  molecules  is  discussed 
Materials 

Methyltrimethoxysilane  (MTMS),  utilized  as  the  sole  monomer  for 
the  sol-gel  preparations,  and  chlorotrimeihylsilane  (CTMS),  used  for  the 
preparation  of  silated  model  connpounds  were  purchased  from  Aldrich.  The 
following  SHG  molecules  with  high  P  values  were  incorporated  in  the  sol- 
gel  matrices:  4,4' diaminodiphenylsulfone  (DDS),  p-nitroaniline  (PNA) 
(p  =  35  X  lO'^h  esu),  and  4-amino-4'-nitroazodiphenyl  (Disperse-Orange- 
DO)  were  purchased  from  Aldrich  (AR);  and  4-din'cthylamino-4'- 
nitrostilbene  (DANS)  (p  =450  x  10  esu)  was  purchased  from  Kodak 
(AR).  Sol-gel  catalysts  were  hydrochloric  acid  (Baker,  AR)  and 
dimethylamine  (Kodak,  AR).  All  the  materials  were  used  without  tunher 
purification.  SHG  measurements  to  date  have  emphasized  PNA-doped  sol- 
gel  glas.ses. 


Synthesis 

The  preparation  of  the  supponed  thin-film  glasses  was  described  in 
detail  in  the  previous  communications  ’-'o.  This  synthetic  route  comprises, 
in  principle,  the  hydrolysis  of  MTMS  with  stoichiometric  quantity  of  water 
in  the  presence  of  HCl  as  catalyst,  followed  by  its  polymerization  to 
polymethylsiloxane  (PMSO).  The  -5  min.  reaction  is  followed  by  spin¬ 
casting  onto  the  support  and  curing  for  a  few  hours  (at  60-70OC)  to  a  few 
days  (at  room  temperature).  Samples  for  poling  were  freshly  prepared  and 
cast  before  applying  the  poling  field. 

Poling 

The  set-up  used  for  poling  consisted  of  a  "DC  High  Voltage 
Insulation  Tester"  of  Lanagan  &  Hoke  Inc.,  capable  of  supplying  up  to  15 
kV  and  500  pA.  Gel  samples,  freshly  cast  on  a  metallic  support,  were 
placed  a  flat  electrode  which  was  grounded-  The  high  voltage  electrode  was 
a  tungsten  rod  ground  to  a  sharp  point  and  was  placed  at  a  distance  of  0.5  to 
2  cm  above  the  gel.  The  high  voltage  was  increased  gradually  until  reaching 
the  maximum  value  without  arcing.  Typically  the  poling  was  carried  out  at 
14  kV  and  5-10  pA.  The  poling  was  continued  until  the  surface  of  the  gel 
appeared  cured,  as  manifested  by  loss  of  gloss. 

SHG  Measurements 

The  set-up  used  for  measurements  of  the  SHG  of  the  gel-embodied 
poled  molecules  is  shown  in  Figure  1.  The  beam  from  a  mode-locked 
Nd.  YAG  laser  was  incident  at  60"  from  the  surface  normal  and  focused  to  a 
0. 1  mm2  gpQ(  The  pulsing  rate  was  76  MHz  with  a  time  profile  per  pulse 
of  =100  ps  fwhm.  The  average  energy  per  pulse  was  =0.1  mj.  The  laser 
radiation  was  filtered  from  the  outgoing  beam  using  a  cooled  Ni(NC>3)2 
aqueous  solution  liquid  filter  and  followed  by  a  Coming  color  glass  filter. 
The  second  harmonic  signal  at  532  nm  was  then  focussed  into  a  glass  fiber 
optic  bundle  and  brought  to  the  input  slit  of  an  Instruments,  SA  H-10 
monochromator  with  appropriate  optical  matching  to  the  monochromator 
f/number. 

The  detection  scheme  used  was  a  time  resolved  photon  counting 
method  that  allows  separanon  of  background  noise  and  SHG  signal.  Photon 
counts  from  a  cooled  PMT  (dark  counts  of  3  Hz)  triggered  a  time-to- 
amplitude  convener  (TAC)  start  pulse.  The  stop  pulse  was  obtained  from  a 
fast  photodiode  triggered  from  the  laser  pulse.  The  output  of  the  TAC  is 
proportional  to  the  time  difference  between  the  start  and  stop  pulse.  This 
output  from  the  TAC  is  then  digitized  by  a  Multichannel  analyzer  and  a 
count  added  to  the  appropriate  time  channel.  A  time  profile  of  the  SHG 
signal  was  thus  obtain^.  An  example  profile  is  shown  in  Figure  2.  The  flat 
noise  background  line  was  subtracted  and  the  SHG  pulse  profile  integrated 
to  obtain  the  desired  data.  Using  this  method  counting  rates  of  as  little  as  1 
count  per  second  result  in  high  signal  to  noise  ratios. 

Results 

a)  Encaging  Donor-Acceptor  Molecules  in  PMSO  Class 

Most  of  the  chromophores  used  were  only  slightly  soluble  in  the  siloxane 

precursor,  due  to  their  polar  nature.  A  typical  reaction  mixture  was:  Ig 

MTMS,  0.2g  HCl  (I0'2  M)  and  2  mg  of  the  chromophore.  Upon  heating 

this  stirred  reaction  mixture  to  80°C,  methanol  was  prxxluced  and  complete 

dissolution  of  all  the  ingredients  occurred,  yielding  a  clear  solution  (reaction 

(D). 

MeSi(OCH3)3  -t-  1.5  H2O  ^  Me-Si(-0-)3  -h3CH30HT  (1) 

Following  our  sol-gel  procedures  the  hydrolysis  and 
polymerization  are  continued  until  a  weight  loss  of  ca.  500  mg  (MeOH)  is 
attained  and  the  viscous  polymer  is  spin<ast. 

With  less  soluble  chromophore  such  as  DDS  reprecipitation 
occurred  following  extensive  loss  of  methanol.  At  this  point  the  methanol 
concentfation  becomes  too  low  to  maintain  dissolution,  while  the  degree  of 
polymerization  is  not  high  enough  to  encage  the  chromophores.  This 
problem  was  highly  aggravated  when  we  tried  to  achieve  high  loadings  (5- 
15%  w/w)  of  chromophores  in  the  sol-gel  recipes  (which  correspond  'o  ca. 
10-30%  in  the  final  glass).  An  additional  observation  was  a  decrease  in  the 
reaction  rate.  This  can  be  attnbuted  to  the  protonation  of  the  amino  group  of 
the  chromophore  and  loss  of  the  catalyst  .  This  problem  was  successfully 
overcome  by  modifying  the  reaction  in  several  ways.  The  concentrabon  of 
HCl  has  to  be  increased  in  order  to  accommodate  both  protonation  of  the 
amino-chromophore  molecules  and  catalysis  of  the  sol-gel  reaction. 
However,  this  approach  cannot  be  applied  at  high  loadings  of  the 
chromophore:  .rdding  tixi  much  acid  at  the  early  stages  of  the  polymenzanon 
results  in  the  fomiation  of  a  grainy  ptilymer  film  rather  than  a  viscous  fluid. 


I  I., 


However  we  found  that  the  regular  acid  concentration  could  be  employed 
and  the  reaction  rate  enhanced  by  elevating  the  temperature  to  83-85  °C. 
The  appropriate  amount  of  I M  acid  (ca.  equimolar  to  the  chromophore)  was 
added,  while  stirring  the  sol.  When  the  methanol  weight  loss  reached  ca. 
35%  of  the  monomer  weight  the  resultant  viscous  liquid  was  cast  onto  the 
support  and  spun. 

Many  chromophores  have  been  introduced  into  polymeric  matrices 
and  poled  in  order  to  maintain  a  non-centrosymmetric  chromophore  array 
with  SHG  properties.  It  is  generally  believed  that  post-poling  relaxation 
processes  are  the  cause  of  SHG  deterioration  with  time  and  therefore, 
chemical  binding  of  the  SHG  molecules  to  the  matrix  while  being  poled  is 
extremely  desirable.  This  is  the  situation  for  amino  compounds  inco^rated 
into  a  sol-gei  glass,  although  we  have  not  established  that  all  amino  groups 
are  covalently  bound.  Diamino  molecules  may  be  preferred  for  our  goal 
since  they  can  become  bound  in  two  sides  and  hence,  are  less  subjected  to 
post-poling  relaxation  processes.  Since  the  binding  reaction  is  reversible, 
we  have  to  provide  appropriate  conditions  to  drive  it  to  the  right:  1)  to 
separate  the  H*  from  the  Si-bound  amine  as  soon  as  possible  to  impede 
reopening  of  the  bond  ;  2)  to  ensure  a  water-lean  environment  to  impede 
rehydrolysis  of  the  Si-NH  bond.  The  latter  condition  is  inherent  to  all  the 
fast  sol-gel  recipes. 

b)  SHG  Measurements  of  PNA  in  sol-gel  glasses 

The  SHG  behavior  of  PNA-loaded  PMSO  glasses  is  a  complex 
function  of  sol-gel  preparation  conditions  and  poling.  The  clarity  of  these 
films  depends  on  the  PNA  loading  and  the  rate  of  curing.  For  example,  for 
PNA  contents  greater  than  ca.  4  wt.  %  and  thicker  films  (ca.  10-20  pm) 
some  turbidity  is  obvious,  which  we  assume  to  be  due  to  colloidal  or 
microcrystalline  PNA,  These  films  demonstrated  SHG  with  or  without 
corona  poling.  In  fact  in  the  central  portion  of  the  disk  where  the  poling  is 
strongest  the  SHG  was  often  weaker  than  near  the  disk  edge.  We  believe 
this  effect  arises  because  the  corona  discharge  has  an  accelerating  effect  on 
the  PMSO  curing  rate''.  The  tendency  for  precipitation  or  crystallization  of 
the  PNA  depends  on  the  rate  of  cross-linking  and/or  methanol/water  ratio 
present  in  the  PMSO  glass  (sec  reaction  (1)).  In  films  of  this  type  the  SHG 
signal  varied  strongly  across  the  face  of  the  disk,  presumably  increasing 
when  the  beam  encountered  a  region  with  a  higher  density  of  crystallites. 
These  films  demonstrated  little  or  no  SHG  when  the  PNA  content  was 
reduced  to  ca.  3  wt.%  unless  they  were  poled.  For  this  loading  the  films 
are  clear  to  the  eye  and  we  presume  that  no  colloids  or  crystallites  are 
present. 

Thinner  films  (ca.  1-2  pm)  can  be  prepared  by  varying  the  H2O  and 
HCl  content  in  the  sol-gel  reaction  and  increasing  the  spinning  rate  during 
spin-casting.  These  films  were  prepared  with  ca.  3  wt.  %  of  PNA  and  are 
very  clear  and  respond  strongly  to  corona  poling.  In  this  case  we  believe 
we  have  molecularly  dispersed  PNA  and  these  molecules  have  been  oriented 
by  the  electric  field  A  thinner  film  has  several  effects:  1)  the  electric  field  is 
ca.  lOx  larger  than  the  thicker  films  described  above;  2)  the  rate  of  curing  is 
modified  since  methanol  escape  is  faster;  3)  the  effect  of  poling  on  sol-gel 
curing  may  be  different'^.  These  films  have  a  SHG  efficiency  as  large  as 
the  thicker  film  despite  the  smaller  amount  of  PNA  and  smaller  path  length 
of  the  1064  nm  light  through  the  glass.  In  all  cases  the  strength  of  the  SHG 
signal  is  approximately  2  to  10  times  stronger  than  a  comparable  powdered 
sample  of  urea  and  the  532  nm  (green)  light  is  easily  visible  to  the  naked 
eye. 

It  seems  peculiar  that  the  higher  loading  samples  exhibit  SHG 
without  poling  since  the  crystal  habit  of  PNA  is  reported  to  be 
centrosymmetric'^.  According  to  Kurtz  and  Perry'''  the  SH(3  efficiency  of 
a  centrosymmetric  powder  should  be  zero.  We  speculate  that  incorporation 
of  PNA  in  these  spun  glasses  induces  a  non-centrosymmetric  aggregation. 
These  and  related  phenomena  for  other  SMG  molecules  in  these  sol-gel 
glasses  will  be  reported. 
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Figure  1  Optical  Setup  for  SHG  measurements 


Model  molecules  with  donor-acceptor 
units  intermediated  by  silicon  chains 

Dinv  Hissink.  Jeannet  Brouwer,  Rien  Flipse 
and  Georges  Hadziioannou. 

Laboratory  of  Polymer  Chemistry,  Department  of  Chemistry, 
University  of  Groningen,  Nijenborgh  16  ,  9747  AG  Groningen. 
The  Netherlands. 

In  our  research  program  we  aim  to  synthesize  materials 
transparent  in  the  visible  spectrum  and  with  high  non¬ 
linear  optical  (NLO)  properties.  The  dye  molecules  we 
decided  to  synthesize  are  end-capped  with  donor  and 
acceptor  groups,  having  the  following  general  structure; 


During  the  addition  the  reaction  mixture  was  cooled  at  0  °C . 
The  reaction  mixture  was  stirred  overnight  at  room 
temperature.  One  equivalent  of  the  donor  grignard  reagent 
solution  was  added  dropwise  to  the  reaction  mixture  which 
was  cooled  at  0  °C.  The  reaction  was  stirred  overnight  at 
room-temperature.  After  removing  the  solvent,  diethylether 
was  added  to  the  crude  product.  The  salt  was  removed  by 
filtration.  The  solution  was  washed  3  times  with  water.  The 
organic  layer  was  dried  over  MgSOa.  The  solvent  was 
removed  by  evaporation,  and  after  crystallization  from 
diethylether  (-  20  oC)  the  product  was  isolated.  Yield:  FN2  - 
40%,  CF3N2  -  50%,  FN4  -  60%. 

Results  and  Discussion. 

The  general  synthetic  method  of  these  DA  compounds  is 
presented  in  Scheme  1. 


Me 


Me 


D  and  A  are  respectively  an  electron  donor  and  acceptor 
group.  This  kind  of  DA  molecules  are  previously  reported  by 
Mignani  et  al.lWe  intent  to  introduce  these  dyes  in  a 
polymer  matrix,  either  attached  chemically  or  dispersed 
physically.  Here  we  present  only  the  initial  work  on  the  dye 
synthesis  and  characterization. 

In  most  compounds,  previously  reported^,  the  donor  and 
acceptor  groups  are  intermediated  by  a  conjugated  it  - 
system.  For  many  applications  e.g.  frequency  doubling  of  the 
fundamental  wavelength  of  a  820  nm  laser,  complete 
transparency  in  the  visible  is  required. 

We  have  chosen  a  silicon  backbone,  because  of  its  good 
transparency  and  (o-o*)  conjugation  through  the  Si-Si  bonds, 
in  order  to  obtain  materials  with  high  NLO  properties. 

The  donor  and  acceptor  groups  will  enhance  the  electron 
transport  through  the  silicon  chain.  The  donor  group  can  be 
functionalized,  in  order  to  connect  the  "dye"  to  a  polymer 
matrix.  With  use  of  spectroscopic  techniques  like  UV  and 
fluorescence  we  investigated  the  electronic  properties  of 
these  materials  and  the  relation  to  their  structure  and  NLO 
properties. 

Experimental. 

All  reactions  were  carried  out  under  an  inert  atmosphere  of 
argon  or  nitrogen.  The  solvents  (THF  and  diethylether)  were 
distilled  under  nitrogen  from  LiAlHa.  The  synthesis  of  the 
donor-acceptor  compounds  was  carried  out  using  the 
standard  Schlenk  techniques. 
dichlorosilane 

1 ,2-dichlorotetramethyldisilane  and  1 ,4-dichloro- 
octamelhyltetrasilane  were  prepared  following  the 
procedure  reported  by  Sakurai^. 

Grignard  reagentia 

To  a  suspension  of  magnesium  in  freshly  distilled  THF,  a 
solution  of  4-bromodimethylaminobenzcne  or  4- 
bromofluorobenzene  in  175  ml  freshly  distilled  THF  was 
added  dropwise.  4-trinuoromethylbenzene  was  dissolved  in 
diethylether.  After  complete  addition  the  mixture  was 
refluxed  overnight  and  filtered. 

Donor-acceptor  compounds  (DA) 

FN2,  FN4,  and  CF3N2  (see  next  column)  were  synthesized 
using  the  following  procedure: 

One  equivalent  of  the  acceptor  grignard  reagent  solution  was 
added  dropwise  to  a  solution  of  1  equivalent  of  the 
dichlorosilane  in  freshly  distilled  Till- 


MgBr  a.(SiMe2),cn 


(SiMe2),a 


MgBr 


Scheme  I. 

This  reaction  can  also  be  inversed. 

In  this  way  we  prepared  the  following  three  compounds; 

Me  Me 

MczN— ^  ^ ^ — F 
Me  Me 
Me 

Me2N-(^Si)-^^F  (FN4) 

Me 

Me  Me 

MejN-^^— Si-Si-^^^CFj  (CnN2) 

Me  Me 

We  used  fluor  (F)  and  trifluoromethyl  (CF3)  as  acceptors, 
because  these  groups  give  stable  molecules.  The  above 
materials  were  characterized  with  spectroscopic  techniques 
such  as  NMR  (>H,  >  3c,  '’F,  Z’Si),  IR  (CC14)  UV  and 
fluorescence.  The  crystal  structures  of  molecules  FN2  and 
CF3N2  were  determined  with  X-Ray.  The  phenyl  groups  are 
ordered  trans  towards  each  other,  with  a  tetrahedral 
configuration  of  the  silicon  atoms. 

The  electronic  properties  of  these  materials  were 
investigated.  Table  I  gives  the  absorption  maxima  of  FN2, 
FN4,  and  CF3N2  and  of  their  analog  silicon  compounds, 
without  donor  and  acceptor  groups.  We  used  solvents  of 
different  polarity.  The  solvatochromic  shifts  of  the 
absorption  bands  at  maximum  wavelength  are  very  small 
(1-2  nm)  ,when  the  solvent  is  changed  from  apolar 
(cyclohexane)  to  polar  (acetonitrile). 

When  a  methyl  group  on  each  silicon  atom  of 
hexamethyidisilane  is  replaced  by  a  phenyl  group,  Xmax 
increases  with  about  30  nm  This  band  shifts  also  30  nm 
with  respect  to  the  ’La  absorption  band  of  benzene  The 
phenyl  group  effectively  lengthens  the  conjugated  system 
and  would  therefore  be  expected  to  cause  an  increase  in 
3^ma«.  The  influence  of  the  phenyl  rings  on  the  absorption 
maxima  has  been  reported  elsewhere  ■* 


1 


With  increasing  chain  length  (from  2  to  4  silicon  atoms)  the 
position  of  the  maximum  absorption  band  has  a 
bathochromic  shift  of  15  nm.  caused  by  a  longer  conjugation 
length.  If  a  phenyl  group  is  substituted  by  a  dimethylamino 
group  at  the  para  position,  is  observed  at  272-274  nm 

with  a  high  molar  absorptivity  (e  *  SOOOO)^-  We  found  also 
that  FN2,  FN4,  and  CF3N2  have  a  maximum  absorption  at 
about  273  nm.  Consequently,  the  kind  of  substituent  at  the 
second  phenyl  ring  (H.  F  or  CF3)  and  the  increasing  chain 
length  have  no  influence  on  the  position  of  km  ax-  The 
absorption  can  be  assigned  to  a  local  (it-it*)  transition  of  the 
dimethylaminophenyl  group.  We  do  not  observe  Charge- 
Transfer  bands  in  the  UV  spectra,  which  means  that  the 
energy  needed  for  a  local  transition  is  lower  than  for  a 
direct  Charge  -Transfer  from  the  donor  to  acceptor  group. 

We  measured  the  emission  spectra  of  FN2,  FN4,  and  CF3N2 
in  four  different  solvents;  cyclohexane,  diethylether,  THF, 
and  acetonitrile.  The  solvatochromic  shifts  of  the  CT 
emission  bands  are  related  to  the  change  in  dipole  moment 
from  ground  to  excited  state,  Ap,  which  can  be  calculated 
using  the  Lippert  equation®:- 

vab-vfl  =  2/hc  (pe-Hg)^  /  a3  Af  -t-  c 

Af  =  (D-l)y(2I>+l)  -  (ni-l)A2nT-t-l) 

where  Vgb  and  vfj  are  respectively  the  absorption  and 
emission  maxima,  A  the  Onsager  radius  of  solutes'^-  Af  the 
solvent  parameter,  D  the  dielectric  constant,  n  the  refractive 
index,  h  Planck's  constant  and  c  the  velocity  of  light.  The 
slope  of  a  plot  of  vab-vfl  vs  Af  gives  the  value  of  Ap.  FN2, 
CF3N2,  and  FN4  show  emission  bands  in  the  fluorescence 
spectra  at  about  350  nm  with  a  small  solvatochromic  effects. 
These  can  be  assigned  to  a  local  excited  emission  state  of  the 
dimethylaminophenyl  ring.  CF3N2  shows  a  second  emission 
band  with  a  large  solvatochromic  shift,  which  can  be 
assigned  to  a  Charge-Transfer  band  (350  nm  (cyclohexane); 
398  nm  (diethylether);  445  nm  (THF)  and  518  nm 
(acetonitrile).  Figurel  shows  the  plot  of  vab-vfl  vs 
Af. 


Figure  !:  Solvatochromic  effect  of  CF3N2. 


We  used  solvents  with  different  Af-values;  0.001 
(cyclohexane);  0.166  (diethylether);  0.210  (THF);  0.304 
(acetonitril). 

The  slope  is  30477  cm’’.  Thus  Ap  is  found  to  be  27D.  This 
value  of  Ap  is  very  large  compared  to  other  asymmetric 
silanes*,  e.g.:  Ph(SiMe2)2Me  has  Ap  =  4.3  D  and  other  D-A 
molecules  e.g.  p-dimethylamino-p-nitrostilbene  (DANS)  has 
Ap  =  24D®. 

The  fluorescence  emission  experiments  led  us  to  believe  that 
CF3N2  has  a  complete  charge  separation  in  the  excited  state. 
Prelimanary  3 ''^cs^nrements  have  been  made  and  the 
results  look  promising.  More  detailed  experiments  are  under 
way. 

Conclusions. 

We  synthesized  materials  with  interesting  spectroscopic 
properties  and  promising  NLO  properties.  By  increasing  the 
chain  length  and  using  stronger  acceptors  we  hope  to  obtain 
materials  which  will  have  high  NLO  propenies.  The  relation 
of  ^-'talues  to  the  spectroscopic  and  structural  propenies  of 
the  new  DA  molecules  reponed  will  be  studied  in  the  future. 
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Table  I:  Maximum  wavelengths  (nm)  of  di-  and  tetrasilanes  in 
cyclohexane  and  acetonitrile. 


Compound 

solvent 

c 

€ 

Mc6Si2 

C'hcxane 

201.4 

3150 

aceionii. 

212.8 

640 

Ph2Si2 

c-hexanc 

205.7 

18300 

236.5 

18000 

acctonit. 

213.0 

11550 

236.4 

16650 

Ph2Si4 

c-hcxanc 

202.4 

25900 

250.8 

21600 

acctonit. 

213  1 

18500 

250.7 

21400 

FN2 

c-hexane 

"TO^Ta 

36400 

272.0 

29300 

acctonit. 

214.2 

19200 

273.3 

28100 

fnT 

C'hexanc 

~24800~ 

273.8 

37000 

acctonit. 

213.9 

21900 

274  7 

29400 

CnN2 

C'hcxanc 

20.1  7 

24400 

272  8 

”~275^ 

acctonit 

213  9 

17  500 

273  6 

23800 

(  220  240 

nm:  shoulder) 
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Introduction 

Polymers  have  been  formed  from  quinoline  in  the 
presence  of  trimethyl  boron'  and  ZnClj  and  protonic 
acids,*  and  via  glow  discharge.*  The  formation  of 
thin  films  by  simple  heating  and  evaporation  of 
quinoline  has  apparently  not  been  investigated.  We 
present  here  a  description  of  films  formed  by  this 
method  from  96%  quinoline  and  96%  quinoline 
containing  solutes. 

Experimental 

Surface  profiles  were  obtained  on  a  Tencor 
Alpha-Step  250  instrument.  Infrared  spectra  were 
done  on  KBr  pellets  using  a  Perkin-Elmer  1800  FTIR 
machine.  Proton  NMR  spectra  were  obtained  on  a 
JEOL  FX90Q  instrument  at  90  MHz,  in  CDCI3  unless 
otherwise  stated,  and  were  referenced  to  internal 
TMS.  Thermal  analyses  were  done  in  Nj  on  DuPont  951 
TGA  or  910  DSC  machines,  using  the  Thermal  Analyst 
2100  system.  Third  order  nonlinear  optical 
susceptibilities  were  measured  at  1.064  fim  using 
degenerate  four  wave  mixing.  The  phase  conjugate 
reflectivity  of  the  polymer  film  5a,  solutions  of 
the  precursor  materials,  and  the  solvents  were 
measured  relative  to  CSj  using  apparatus  and  methods 
that  were  previously  described.' 

Poly(l, 4-cyclohexylene  carbonate)  (3)  of  nominal 
molecular  weight  600  was  obtained  from 
Polysciences,  Inj.,  Warrington,  PA.  The  molecular 
weight  specified  by  Polysciences  is  meant  to  be 
qualitative.  The  type  of  molecular  weight  is  not 
given . 

Results  and  Discussion 

When  96%  quinoline  (1,  Fig.  1)  is  heated  in  air 
at  200°C  for  3  days  it  darkens  appreciably.  The 
resulting  solution  can  be  evaporated  on  a  glass 
slide  at  65°C  to  give  a  homogeneous  thin  film,  2,  of 
high  optical  quality.  The  infrared  spectrum  of  2 
exhibits  absorptions  in  the  aliphatic  C-H 
stretching  region  as  well  as  the  aromatic  region. 
Aliphatic  groups  are  present  in  the  'H  NMR  of  the 
unheated  96%  quinoline  starting  material.  As  the 
quinoline  solvent  evaporates  from  the  slides, 
alkylated  species  remain  if  they  are  less  volatile. 
The  weight  of  material  remaining  after  evaporation 
was  2.8%  of  the  starting  weight,  roughly 
corresponding  to  the  4%  of  non-quinol me  components 
originally  present. 

The  peak  at  1724  cm  '  and  the  broad  absorption 
from  2500  to  3300  cm  '  for  2  suggests  that  carboxyl 
groups  are  present,  possibly  from  oxidation  of 
methyl  groups.  The  possible  intermediate  in  a 
rethyl  to  carboxyl  transformation,  an  aldehyde,  is 
not  present  in  the  unheated  starting  material,  as 
evidenced  by  the  lack  of  peaks  in  the  S  11.0-11.5 
region  of  the  'll  NMR.’’ 

The  'H  NMR  of  2  in  DM-go-d^  exhibits  the  expecteil 
complex  aromatic  region  from  6  7  tc  9.  In 
addition,  a  broad,  low  peak  is  visible  between  S 
2.25  and  2.40.  This  peak  is  not  due  to  an  impurity 
in  the  DMSO-d,,  as  a  solvent  blank  shows. 

Thermoqravimetric  analysis  indicates  that  2  may 
contain  some  ui.subst '  tuted  quinoline,  with  onset  of 
weight  loss  at  153"C.  Quinoline  boils  at  217".  The 
DSC  of  2  on  the  first  piass  exhii-.its  .1  broi'l  1st 
order  endotherm  -it  119"  fol  1  owe  1  i  /  r  iny  .-haip 


endotherms  between  120  and  ISO^C.  These  features 
disappear  on  the  second  pass.  In  a  melting  point 
capillary  this  material  forms  a  viscous  black 
liquid  gradually  between  80  and  lOO'C.  A  melting 
endotherm  was  not  evident  in  this  range  in  either 
DSC  pass.  Material  2  is  soluble  in  N,N- 
dimethyl f ormamide ,  quinoline,  and  dimethyl 
sulfoxide,  suggesting  that  if  it  is  polymeric  in 
nature,  it  is  not  crosslinked. 

Quinoline  (96%)  is  an  excellent  solvent  for 
poly ( 1 , 4-cyclohexylene  carbonate)  (3)  above  its 
melting  point  of  50°C,  and  for  synthetic 
mesoporphyrin  IX  dimethyl  ester  (4a) .  The  latter 
is  a  porphyrin  with  side  chains  containing  only 
alkyl  groups,  plus  two  ester  functionalities.  When 
an  approximately  1:1  molar  solution  of  ‘he 
polycarbonate  and  diester  was  heated  in  96% 
quinoline  at  200°C  and  subsequently  evaporated  at 
65°C,  a  brown  material  resulted.  This  sample,  5a, 
prepared  on  a  microscope  slide,  was  reflective, 
hard,  and  flat.  It  ranged  in  clarity  from 
transparent  at  one  end  to  cloudy  in  the  middle  to 
opaque  at  the  other  end. 

The  surface  profile  of  a  sample  of  5a  was 
obtained.  It  provides  information  about  the 
flatness  and  thickness  of  the  film,  attributes 
important  for  optical  studies.  The  thickness  could 
not  be  determined  from  measurement  at  the  edge  of 
the  film  on  the  profilometer  because  the  material 
had  a  thick  lip  wider  than  2  mm,  the  maximum 
available  probe  travel.  In  addition,  an  attempt  to 
determine  the  thickness  by  light  microscopy 
(focusing  on  the  top  and  bottom  of  the  film)  gave 
questionable  results.  Instead,  a  scratch  was  made 
with  a  razor  blade  perpendicular  to  the  direction 
of  the  profilometer  probe  travel.  The  scratch 
extends  down  to  the  glass,  and  some  of  the  material 
removed  appears  as  a  positive  peak.  The  profile 
exhibits  a  maximum  surface  variation  normal  to  the 
surface  of  0.10  /im,  with  the  probe  traveling 
parallel  to  the  surface  a  distance  of  2  mm.  The 
scratch  reveals  the  flat  glass  of  the  substrate,  a 
commercial  microscope  slide.  In  a  separate 
experiment,  the  slide  alone  showed  a  maximum 
variation  of  0.01  Mm,  and  a  scratch  mace  the  same 
manner  had  a  depth  of  0.14  Mm.  Thus  the  scratch  in 
the  material  in  Fig.  2  represents  primarily  the 
thickness,  2.92  Mm,  of  the  organic  film,  determined 
at  the  point  of  laser  impingement  (see  below) . 

The  infrared  spectrum  of  5a,  taken  in  a  KBr 
pellet,  shows  primarily  peaks  associated  with  the 
polycarbonate  and  the  quinoline-derived  material. 
In  particular,  the  carbonyl  frequencies  (Table  1) 
indicate  that  the  major  contributor  is  2. 

Table  1.  Carbonyl  stretching  frequencies.* 
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region.  Theoretically  there  should  be  6  singlets; 
in  practice  4  peaks  and  2  shoulders  appear, 
entirely  between  3.5  and  3.7  ppm.  Poly(l,4- 
cyclohexylene  carbonate)  shows  peaks  between  0.9 
and  2.0  ppm,  and  between  3.4  and  4.1  ppm.  The 
spectrum  of  5a  in  the  same  solvent  shows  the 
quinoline-derived  material  at  2.4  ppm  and  between  6 
and  9  ppm,  and  the  polycarbonate  between  1  and  4 
ppm.  The  porphyrin  methyls  may  contribute  to  the 
3.4  to  3.7  ppm  region.  The  entire  spectrum  is 
characterized  by  broad  peaks  except  for  the  TMS  and 
residual  CHClj  peaks. 

The  appropriate  thermal  analysis  studies  were 
done.  Thermogravimetric  analysis  of  the  porphyrin 
alone  indicates  remarkable  stability,  with  no 
weight  loss  at  378°C.  The  onset  of  decomposition 
was  at  411°C,  with  54%  of  the  weight  remaining  at 
492°C.  Loss  of  the  8  groups  around  the  porphyrin 
nucleus  would  give  50.8%  residual  weight. 

Poly ( 1 , 4-cyclohexylene  carbonate)  shows  a 
gradual  decrease  in  weight  after  melting  at  50°, 
This  is  probably  associated  with  polymerization  and 
subsequent  boiling  of  cyclohexanediol  (bp  270°C)  , 
and  boiling  of  remaining  polycarbonate  of  MW  600  at 
350°.  The  product  material  (5a)  has  a  TGA  which 
most  closely  resembles  those  of  the  polycarbonate 
and  the  quinoline-derived  material.  The  steepest 
portion  has  an  onset  at  248°,  near  the  boiling  point 
of  quinoline  and  the  melting  point  of  the  product 
material . 

The  DSC  of  Sa  on  the  first  pass  exhibits  a  broad 
endotherm  centered  at  61°C  followed  by  a  strong 
exotherm  with  an  onset  at  190°C.  In  a  melting  point 
apparatus,  some  of  the  material  melts  at  225-230°C, 
forming  a  black  solid  in  a  black  liquid.  The 
second  DSC  pass  is  essentially  featureless, 
suggesting  that  polymerization  may  have  occurred 
during  the  first  pass. 

The  third  order  nonlinear  optical 
susceptibilities  of  some  of  these  materials  have 
been  measured  at  1.064  pm.  The  results  are  given  in 
Table  2.  The  x*’’  for  the  polycarbonate-porphyrin- 
quinoline  polymer  film  (5a)  was  substantially 
larger  than  that  of  any  of  the  components.  Among 
the  polymer  precursor  materials,  the  x*’’  for  96% 
quinoline  was  surprisingly  large.  It  was  about  4 
times  larger  than  that  of  the  related  molecule  o- 
picoline®  and  about  half  that  of  CSj.  The  x’^'  of 
the  porphyrin,  4a,  in  solution  was 
indistinguishable  from  that  of  the  solvent;  only  an 
upper  limit  for  the  molecular  hyperpolarizability 
of  this  material  was  found. 


Table  2.  Nonlinear  optical  properties. 
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of  surface  travel.  The  optical  quality  of  the 
samples  formed  from  96%  quinoline  alone  is 
excellent,  and  variable  from  the  quinoline/solute 
combinations.  The  third  order  nonlinear  optical 
properties  of  some  of  these  materials  have  been 
examined.  The  response  of  the  porphyrin-containing 
materials  may  be  due  primarily  to  the  porphyrins  or 
to  the  96%  quinoline-derived  material;  this  awaits 
measurements  of  the  96%  quinoline-derived  material 
2. 
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3d(II)mesoporphyrin  IX  dimethyl  ester  have  been 
fast  via  heating  and  subsequent  evaporation.  The 
films  are  approximately  3  *im  thick,  with  a  maximum 
/ariation  normal  to  the  surface  of  0.10  ^im  in  2  mm 
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CUBIC  NONLINEAR  OPTICS  OF  POLYMER  THIN  FILMS. 
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Introduction.  As  originally  conceived  [1—5],  a  molecular 
composite  is  a  material  system  in  which  a  high  strength,  high 
modulus,  rigid— rod  polymer  is  molecularly  disperse  in  the  matrix  of 
a  flexible— coil  polymer.  This  concept  of  a  molecular  composite  was 
introduced  with  the  aim  of  obtaining  materials  with  enhanced 
mechanical  properties  by  molecular— level  reinforcement  of  the 
rigid^od  polymer,  such  as  poly(p— phenylene  benzobisthiazole) 
(PBZT),  with  highly  entangled  flexible— coil  materials  [1—5]. 
Unfortunately,  these  attempts  have  been  fraught  with  difficulties 
associated  with  processing  of  the  molecular  composites,  for  example: 
low  critical  concentrations  for  phase  separation  [2,3a];  phase 
separation  during  coagulation  [3b];  and  degradation  of  the 
flexible-coil  polymer  in  the  concentrated  add  solvents  used  [4]. 

Our  primary  interest  in  molecular  composites  is  in  developing 
novel  approaches  to  their  processing  [6]  and  in  their  nonlinear  opticm 
(NLO)  properties  [7].  We  view  the  molecular  composite  (MC) 
concept  as  an  important  approach  to  tailor  the  NLO  properties  of 
polymers.  Molecular  composites  as  third  order  NLO  materials  allow 
the  ready  investigation  of  effects  of  composition,  morphology,  and 
intermolecular  structure  on  both  the  third  order  optical  susceptibility 
y( »  and  linear  optical  properties  such  as  optical  loss  (a:)  and  index  of 
refraction  (n). 

In  this  paper  we  will  report  our  detailed  study  of  the  third 
order  NLO  properties  of  the  molecular  composites  of  the  conjugated 
rigid-rod  polymer  PBZT  with  flexible-coil  polvaraides,  nylon  66  and 
poly( trimethyl  hexamethylene  terephthalamide)  (PTMHT),  prepared 
using  the  novel  approach  of  complexation  mediated  processing  from 
organic  solvents  [6].  We  will  discuss  the  wavelength  dispersion  of  the 

of  PBZT/nylon  66  and  PBZT/PTMHT  composite  as 
determined  by  picosecond  third  harmonic  generation  (THG)  in  the 
wavelength  range  0.8-2. 4pm.  We  will  also  discuss  the  composition 
dependence  of  the  nonresonant  ”  of  these  composites  at  1.9pm. 

Although  early  measurements  of  the  of  PBZT  indicated 
that  this  polymer  has  a  large  third  order  optical  nonlinearity  [8,9], 
there  was  a  major  inconsistency  between  the  two  reported  v^ues  of 
.  Some  of  the  possible  sources  for  the  one  order  of  magnitude 
difference  between  the  reported  values  of  PBZT  [8—10]  include 
optical  quality  of  the  films,  possible  protonation  of  the  films  by  the 
acidic  processing  solvents,  poor  estimate  of  the  film  thickness  and 
index  of  refraction,  and  the  difference  in  wavelength  and  measuring 
techniques.  A  recent  study  of  the  NLO  properties  of  PBZT  and 
PBZT/Zytel  composite  [lOJ  attempted  to  address  some  of  these 
problems  but  acknowledged  that  possible  residual  acid  in  the  films 
and  hence  protonation  of  the  PBZT  by  the  methanesulfonic  acid 
solvent  makes  it  difficult  to  attribute  the  recently  measured  to 
the  pure  PBZT  [10]. 


Experimental.  The  PBZT  sample  had  an  intrinsic  viscosity  of 
18  dl/g  in  MSA  at  30* C  and  was  kindly  given  to  us  by  the  Air  Force 
Materials  Laboratory,  Dayton,  OH.  Nylon  66  of  intrinsic  viscosity  1.0 
dl/g  was  obtained  from  Polysciences  Inc.,  Warrington,  PA,  and 
PTMHT  of  intrinsic  viscosity  0.9  dl/g  was  obtained  from  Scientific 
Polymer  Products,  Ontario,  NY.  (Both  [ijj  values  of  the  polyamides 
were  measured  in  m-cresol  at  40"  C).  Nitromethane  (99+%l  and 
Aluminum  (III)  Chloride  (99.9%)  (Aldrich)  were  used  as  received. 


Details  of  the  complexation  of  these  polymers  and  their 
subsequent  dissolution  in  organic  solvents  have  been  described  in 
detail  elsewhere  [6,11,12]  and  in  a  forthcoming  publication  [6c]  and 


will  not  be  repeated  here.  In  summary,  AlClj  complexes  of  the 
desired  polymer  composites  were  prepared  in  nitromethane,  in  a 
glove— box  under  a  nitrogen  purge. 

Thin  films  of  the  molecular  composites  of  PBZT/nylon  66  and 
PBZT/PTMHT  were  prepared  by  shearing  thin  films  of  their 
solutions  between  two  1  mm  thick  optically  flat  silica  substrates 
(5  cm  in  diameter).  The  coatings  on  the  silica  substrates  were 
immersed  in  deionized  water  overnight  to  remove  the  aluminum 
chloride.  This  was  followed  by  drying  in  a  vacuum  oven  at  60—70'  C 
for  12—16  hours.  Composites  prepared  in  this  way  were  characterized 
by  differential  scanning  calorimetry  (DSC),  thermogravimetric 
analysis  (TGA),  UV— Visible  and  FTIR  spectroscopy,  and  optical  and 
scanning  electron  microscopy,  and  were  found  to  be  uniform, 
homogeneous,  non-phase  separated  materials  of  the  desired 
composition  [6c]. 

The  electronic  absorption  spectra  of  thin  films  of  PTMHT, 
PBZT,  and  1:1  PBZT:nylon  66,  and  1:1  PBZT:PTMHT  are  shown  in 
Figure  1,  where  the  ratios  in  the  composites  are  mole  ratios  of 
polymer  repeating  units.  The  film  thickness  of  these  composites  was 
not  measured  and  therefore  their  electronic  spectra  were  normalized 
relative  to  the  A,ax  (437  nm)  of  the  pure  PBZT  for  comparison.  The 
absorption  bands  of  the  pure  conjugated  polymer  PBZT  (203,  255, 
437,  and  468  nm)  were  retained  in  the  composites.  No  absorption 
features  were  observed  above  500  nm  in  the  spectra  of  Figure  1. 

The  THG  measurements  of  the  magnitude  of  y<s'(— 3i*;;ti;,w  u) 
of  the  PBZT/nylon  66  and  PBZT/PTMHT  composites  and  pure 
components  PBZT  and  PTMHT  were  made  by  using  a  previously 
described  laser  system  [13]  and  THG  procedure  [7].  In  the  present 
study  the  THG  experiments  were  performed  at  a  fundamental 
wavelength  of  0.8— 2.4;im. 

Results  and  Discussion.  Figure  2  shows  the  composition 
dependence  of  the  off-resonant  of  PBZT/nylon  66  and 

PBZT/PTMHT  molecular  composites  at  l.O/iin.  The  PBZT/nylon  66 
composites  show  a  linear  dependence  of  ”  with  mole  fraction  of  the 
optically  active  component  PBZT,  as  expected  for  a 
three-dimensional  isotropic  material.  The  ±20%  error  in  the 
value  of  each  sample  is  due  mostly  to  error  in  film  thickness 
measurement  since  the  repeatabiUty  of  individual  result  for  each 
sample  is  ±5%.  The  composition— >>  relationship  for  the 

PBZT/PTMHT  composites,  shown  in  Figure  2,  exhibit  a  nonlinear 
depenaence.  The  greater  than  bnear  increase  of  with  mole 
fraction  of  PBZT  in  PBZT/PTMHT  composites  is  attributed  to  a 
partial  ordering  to  the  PBZT  molecules  by  the  PTMHT  host  matrix. 
These  results  of  the  effects  of  the  host  matrix  and  composition  on  the 
of  molecular  composites  are  particularly  interesting  in  that  they 
demonstrate  that  a  suitable  choice  of  the  host  matrix  material  can, 
through  morpholo^cal  control  of  the  order  of  the  guest  NLO  polymer, 
enhance  the  magnitude  of  . 

In  Figure  3  is  shown  the  wavelength  dispersion  of  the  yO'  of 
PBZT  and  its  1:1  composites  with  nylon  66  and  PTMHT  in  the 
wavelengh  range  0.8— 2.4/im.  The  y<  spectra  of  all  three  materials 
exhibit  a  strong  resonance  feature  that  can  be  attributed  to  a 
multiphoton  process.  The  peak  position  of  this  resonance  in 
1.3/mi  ("-leV),  suggests  that  it  is  a  three— photon  resonance  with  the 
first  excited  state  which  has  a  peak  at  437  nm  as  seen  from  the 
electronic  spectra  of  Figure  1.  The  three— photon  resonance  enhanced 
y**’  of  the  pure  PBZT  at  1.3/im  is  8.31  ±  1.66xl0'"  esu  and  that  of 
the  1:1  PBZT/PTMHT  and  1:1  PBZT/nylon  66  was  ~5.2xl0''*  and 
~4.3xl0'"  esu,  respectively. 

In  a  forthcoming  paper  [7^  we  will  use  a  theoretical  model  to 
analyze  and  fit  the  yi  data  of  PBZT  and  its  molecular  composites. 

Conclusions.  Optical  quality  thin  films  of  PBZT  and  its 
molecular  composites  with  two  flexible-coil  polyamides,  nylon  66  and 
PTMHT,  have  been  prepared  from  their  soluble  Lewis  acid— base 
complexes  in  organic  solvents  and  their  third  order  nonlinear  optical 
properties  investigated  by  picosecond  third  harmonic  generation  in 
the  wavelength  range  0.8-2. 4/im.  The  composition-y<  >'  relationship 
was  found  to  be  linear  in  PBZT/nylon  66  composites  and  nonlinear  in 
the  case  of  PBZT/PTMHT.  The  greater  than  linear  y<  dependence 
on  mole  fraction  of  PBZT  in  PBZT/PTMHT  composites  was 
attributed  to  the  host  matrix  induced  ordering  of  the  conjugated 


PBZT  molecules.  From  the  measured  x*  *’  spectra  of  the  pure  PBZT 
and  its  molecular  composites  it  was  found  that  the  cubic  optical 
nonlinearity  was  enhanced  by  a  strong  three-photon  resonance  with  a 
at  1.3/im.  These  results  confirm  our  belief  that  polymer  based 
molecular  composites  represent  an  important  approach  to  the 
optimisation  of  cubic  NLO  materials  for  photonic  applications  and  are 
excdlent  model  systems  for  probing  structure-yi  >>  rdationships. 
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Figure  2  Composition  dependence  of  the  y**’  of  PBZT/nylon  66 
and  PBZT/PTMHT  composites  at  1.9/jm. 
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Figure  3  The  y*  ”  spectra  of  PBZT  and  its  molecular  composites 
with  nylon  66  and  PTMHT. 
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IN  PHOTOACTIVE  POLYMERS  BY  TIME  RESOLVED 
MICROWAVE  CONDUCTIVITY  (TRMC). 


S.A.  Jonker  andJ.M.  Warman 

IRI,  Delft  University  of  Technology,  Mekelweg  15,  2629  JB 
Delft,  The  Netherlands. 


1.  IntroductioD 

The  recent  interest  in  the  nonlinear  optical  properties  of  organic  mole¬ 
cules  has  necessitated  a  better  understanding  of  their  photophysical  proper¬ 
ties.  In  particular  the  two  state  model  for  the  molecular  hypeipolarizability  ,P, 
predicts  that  this  parameter,  which  is  responsible  for  second  harmonic  gener¬ 
ation,  is  amongst  other  things,  proportional  to  the  difference  in  dipole  mo¬ 
ment  of  the  first  excited  siitglet  stale  and  ground  stote  (p  .  -  p  Information 
about  the  dipole  moment  changes  occurring  on  photoexcitation  of  molecules 
in  dilute  solution  in  non-polar  solvents  can  be  provided  by  the  time-resolved 
microwave  conductivity  (TRMC)  method.  A  brief  description  of  the  TRMC- 
technique  and  examples  of  its  applications  are  given  below. 


1.  Technique 

A  solution  of  ca  0. 1  mM  of  the  molecule  of  interest  is  photoexcited  by  a 
308  nm  laser  pulse  of  5  ns  FWHM  and  an  intensity  of  ca  lOmJ/cm^.  The  tran¬ 
sient  change  in  microwave  conductivity  (dielectric  loss)  of  the  medium  on 
flash  photolysis  is  monitored  with  nanosecond  time  resolution.  This  change  is 
related  to  the  dipole  moments  of  the  photoexcited  solute  molecule  in  the 
ground  and  excited  state,  Pq  and  p.  respectively,  by 


Aa  = 


(P^-M^  (e  +  2)^ 
Tr  21kgT 


(I) 


In  (1),  I;  g  is  the  Boltzmann  constant;  e  is  the  relative  thelecthc  constant 
of  the  solvent;  N,  is  the  concentration  of  excited  moleades;  r^  is  the  rotational 
relaxation  time  of  the  dipole  and  to  is  the  radian  microwave  frequency.  The 
function  F(  tor,)  is  the  Debye  relaxation  term.  Knowing  the  light  intensity  and 
the  optical  characteristics  of  the  solution,  the  concentration  of  the  excited 
state(V,)  and  hence  the  parameter  (p,^-  Pj-)/t|.  can  be  determined*. 

In  addition,  by  measurement  of  the  background  dielectric  loss  of  the  solution 
as  a  function  of  concentration  of  ground  state  molecules  ( )  the  parameter 
iiQ  / 1;.  can  be  determined  from  (2),  If  the  value  of  Pg  is  known  then  p  ,  can  be 
c^culated  from  the  two  measurements  assuming  the  relaxation  time  to  be  the 
same  for  the  two  states.  The  relaxation  time  can  also  be  estimated. 


(e  +  2f 

21kJ 


(2) 


TRMC  provides  therefore  identification  and  quantification  of  dipolar  ex¬ 
cited  states  and  their  kinetics.  The  technique  is  unique  in  that  it  can  monitor 
both  singlet  and  triplet  excited  states  states  at  the  same  time.  TRMC  provides 
in  addition  information  on  the  motional  freedom  of  chromophoric  molecules. 


3.  Results  and  Discussion 

3.1  Amno-Nitro  compounds.  Figure  1  shows  transient  microwave  con¬ 
ductivity  traces  for  solutions  of  compounds  ANF  and  DANF'  in  benzene. 

From  this  figure  it  is  apparent  that  methylation  of  the  anilino  nitrogen  strong¬ 
ly  influences  the  molecular  photophysics.  The  dimethylamino  derivative 
DANE,  clearly  di^bys  a  short  lived  dipolar  singlet  component  followed  by  a 
much  longer  lived  triplet  signal.  In  the  case  of  AW,  the  triplet  signal  is  seen  to 
be  much  larger  indicating  a  considerably  greater  intersystem  crossing  effi¬ 
ciency.  Also  the  singlet  lifetime  determined  from  the  fluorescence  decay  is 
substantially  increased  by  dimethyl  substitution  from  1.9  to  3.6  ns.  Similar  ef¬ 
fects  but  less  pronounced  are  found  for  ANS  and  DMANS  as  is  is  shown  by 
the  parameters  listed  in  Table  1 . 
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Figure  I:  Transient  microwave  conductivity  traces  for  solutions  of  compounds 
\SFand  DANF  in  benifne. 
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Table  I  :  Estimates  of  the  S!  sndTl  lifetimes,  the  inienystem  crossing  cHkiency  4*^ 
snd  dipole  momenu  of  ground  and  excited  sute. 


Compound 

’'si 

(ns) 

<J>. 

MSC 

(Debye  i 

<Mrye} 

ANF 

1.9 

0.65 

5.4 

20 

DANF 

3.6 

0.08 

6 

23 

ANS 

25 

0.08 

5.1 

18 

DANS 

2,8 

0.03 

6.6 

24 

«)  oo  tbe  basis  of  MX|  ~  ^  S| 

3.2  Alkoxy-cyano-biphenyl  compounds.  Figure  2  shows  transient  micr 
wave  conductivity  traces  for  solutions  of  compounds  IIOCNBP  and  M 
PrOCNBP  in  benzene. 
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figure  2  Tra/VftrnfmtcroH-ave  conJucn\ir\  rrene%  f-tr  of  compt^unds  MAIMK'N’BP 

(Upper  part}  and  IKK'NBP  /vjrf )  in  heArf’ne  AUo  are  the  {.  akuUufd i  on->A>lu 

Hi>nyS/t  ( — ).  wuh  separate  (rtplet  (  -  - )  an</  smglei  (  — )  <  ontrif>uiti>n.s 


As  is  evident  from  figure  2  the  absolute  magnitude  and  the  form  of  the 
transients  observed  for  these  two  compounds  are  similar.  Both  are  character¬ 
ised  by  the  formation  ofa,  short  lived  dipolar  singlet  state  with  a  lifetime  of  ~1 
ns  and  a  long  lived  dipolar  triplet  state  with  a  lifetime  of  >500  ns.  Forpr=Ps, 
is  determined  to  be  approximately  0.02.  The  photophysics  of  the  hy- 
rjroxy-cyano-biphenyl  chromophoie  would  appear  therefore  to  be  very  little 
influenced  by  propylmethacrylate  substitution  at  the  hydroxy  group  in  con¬ 
trast  to  the  marked  effect  of  methyl  substitution  at  an  amino  donor  site  men¬ 
tioned  above. 

Taking  fr>r  the  unsubstituted  chromophoe  an  Sj  litedme  of  1.0  ns  togeth¬ 
er  widi  a  ground-state  dipole  moment  of  4.8  D  and  a  dipole  relaxation  time  of 
86  ps  (determined  from  the  ground  state  dielectric  loss,  Eqn.  2)  results  in  a  val¬ 
ue  of  12.4  D  for  the  dipi^e  moment  of  the  S  j  state  from  the  TRMC  transient, 
Le.  considerably  lower  than  for  the  nitro-amino  compounds.  In  view  of  the 
apparent  lack  of  change  in  the  photophysics  of  the  chromophoric  units  we 
the  excited  state  dipole  mor.ient  to  be  the  same  for  the  substituted  com¬ 
pound.  Using  this  we  can  derive  a  value  for  the  dipole  relaxation  time  of  1 1 1 
ps  for  the  propylmethacrylate  derivative  from  the  TRMC  transients.  This  val¬ 
ue  is  not  significantly  difrerent  to  the  86  ps  found  for  the  unsubstituted  chro¬ 
mophoric  unit  Because  of  the  flexibility  of  the  substituents  there  is  apparent¬ 
ly  little  perturbation  of  the  motional  freedom  of  the  hydroxy<yanobiphenyl 
uniL 

Future  research  will  frxnis  on  the  photophysical  properties  and  motional 
freedom  of  the  donor-accqrtor  chromophotes  attached  to  a  polymer  back¬ 
bone. 
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MACROMOLECULAR  CHROMOPHORIC  ASSEMBLIES  WITH 
ENFORCED  POLARITY:  INORGANIC  AND  HETEROCYCLIC 
LINKAGES 

H. E.  Katz,  M.L.  Schilling,  C.EX).  Chidsey,  T.M.  Putvinski,  WE.  Wilson, 
G.R.  Scheller,  W.T,  Lavell.  AT&T  Bell  Laboratories,  Murray  Hill,  NJ 
07974. 

Research  on  nonciystalline  second  order  nonlinear  optical  materials  has 
focussed  inceasingly  on  the  magnitude  and  stability  of  the  polar 
orientation  required  of  the  active  molecular  subunits.  Joining  these 
subunits  together  in  a  head-to-tail  fashion  can  lead  to  enhancements  in 
both  qualities,  since  the  orienting  force  might  act  cooperatively  upon  an 
ensemble  of  subunits,  and  the  motion  required  to  randomize  the 
orientation  of  a  polar  aggregate  is  much  less  probable  than  for  individual 
molecules.  Here,  we  describe  two  approaches  to  polar  chromophore 
aggregates.  The  first  results  in  a  thermally  stable  self-assembled 
multilayer  of  polar  azo  dyes,  while  the  second  produces  covalendy  head- 
to-tail-linked  polar  chromophores  in  which  the  molecular  moments  are 
constrained  to  be  highly  additive. 

I.  Polar  zirconium  organophosphate  self-assembled  muldlayers 

Self  assembly  has  already  been  considered  for  the  construction  of  films 
with  extensive  polar  order.*  We  have  recently  demonstrated  a  simpler 
method  for  polar  multilayer  self-assembly  based  on  zirconium  phosphate 
layered  structures.^  These  layers  are  robust  and  insoluble,  and  show  no 
evidence  of  deterioration  in  quality  with  the  number  of  monolayers 
deposited.  Our  three-step  deposition  method  is  a  modification  of  the  two- 
step  method  developed  by  Mallouk^  for  preparing  symmetrical 
multilayers.  A  hydroxyl-terminated  surface  is  first  treated  with  POQy  to 
give  a  phosphate-terminated  surface.  This  is  then  treated  with  aqueous 
ZrflV)  to  form  a  zuconium-terminated  surface.  Finally,  the  latter  is 
treated  with  a  hydroxy-organophosphonic  acid  to  form  a  new  hydroxyl- 
terminated  surface.  We  now  extend  this  technique  to  construct  multilayers 
from  a  hydioxy-phosphonic  acid  that  contains  a  polar  azo  chromophore,  1. 
Figure  1  illustrates  the  expected  multilayer  structure,  which  was  expected 
to  show  substantial  second-order  nonlinear  optical  susceptibilities. 

Silicon  and  glass  substrates  were  prepared  for  organophosphonate 
deposition  according  to  conditions  optimized  previously.^  After  oxidative 
treatment  with  H2O2  — H2SO4  solution  (CAUTION:  this  reacts  violently 
with  organic  material),  the  substrates  were  exposed  to  a  solution  of  (3- 
aminopropyl)trimethoxysilan^  (1%  v:v)  in  anhydrous  octane  at  reflux  for 
10  min.  The  resulting  30-A-thick  film  provided  an  amino-  terminated 
surface  that  was  phosphorylated  with  0.2  M  POa3  and  0.2  M  collidine  in 
acetonitrile  at  room  temperature  for  5-10  min.  The  phosphoramide- 
terminated  surfaces  were  washed  with  H2O  and  immersed  in  5  mM 
aqueous  ZrOClz  for  5  min;  previous  experiments  have  shown  that  the 
zirconation  step  is  essentially  instantaneous. 

Substrates  with  zirconated  surfaces  were  immersed  for  10  min  in  solutions 
of  1.5  mM  1  (synthesized  by  azo-coupling  of  4-aminophenylphosphonic 
acid  to  NJf-bis(2-hydroxyethyl)aniline)  in  EtOH  in  capped  jars  heated 
just  below  the  boiling  point.  This  treatment  was  sufficient  to  obtain 
maximum  thickness.  At  room  temperature,  several  hours  were  required  for 
complete  coverage.  The  hydroxyl  end  groups  on  the  dyes  were 
phosphorylated  and  zirconated  as  described  for  the  priming  sequence,  and 
the  dye  deposition  was  repeated,  creating  a  multilayer.  The  thickness  of 
the  multilayer  films  on  silicon  was  monitored^by  ellipsometry  and  UV-vis 
spectrometry.  The  thicknes^s  per  layer,  16A,  is  slightly  less  than  the 
theoretically  predicted  20 A  based  on  the  model  in  Figure  1.  This 
thickness  was  reproduced  consistently  from  layer  to  layer. 


Observation  of  second  harmonic  generation  from  this  multilayer  assembly 
(1.064  pm  fundamental)  confirms  that  the  layers  are  in  fact  polar 
ordered,  as  was  expected  from  the  method  and  conditions  of  their 
preparation.  No  second  harmonic  output  was  observed  from  layers  of  the 
centrosymmctric  compound  quaterthiophenediphosphonic  acid,  consistent 
with  expectations  that  a  polar  chromophore  is  necessary  for  second 
harmonic  generation,  and  proving  that  the  observed  second  harmonic 
output  is  not  an  artifact  of  the  inorganic  interlayers.  Additional 
experiments  in  which  input  and  detector  polarizations  were  varied 
indicated  that  both  zz  and  zx  tensor  components  contribute  to  the  signal 


II.  Piperidinylimino-linked  polar  chromophores 

Oligomers  consisting  of  head-to-tail-linked,  dipolar,  pi-conjugated 
monomers  have  been  of  interest  as  electrically  ^lable  elements  in 
polymeric  second  order  nonlinear  optical  materiis.’  If  these  oligomers 
could  be  made  rigid  and  linear,  they  should  be  orientable  by  electric  fields 
to  give  materials  with  larger  polar  order  parameters  than  similar  materials 
containing  corresponding  monomers,  because  the  oligomer  dipole  moment 
would  be  the  sum  of  all  the  constituent  monomer  moments,  leading  to  an 
enhanced  orientational  polarizability.  The  resulting  orientation  should  be 
more  stable  than  for  small  or  nonrigid  dipoles  because  of  the  large  volume 
of  matrix  material  that  would  have  to  move  during  orientational 
randomization. 

We  have  reported  semirigid  polar  oligomers  based  on  piperazinamide 
linkers,*  in  which  each  segment  may  sweep  out  a  1 10“  cone  angle  with 
respect  to  its  neighbor.  Although  the  angle  is  rigorously  defined,  the 
dipolar  additivity  between  segments  is  much  less  than  it  would  be  if  the 
angle  were  closer  to  180“,  and  the  rotational  freedom  around  the  cone 
leads  to  multiple  conformations  in  oligomers  larger  than  dimer.  Here,  we 
propose  the  4-piperidinimino  group,  which  combines  a  parallel  divalent 
imine  acceptor  with  a  1,4-disubstituied  six-membered  ring  donor,  as  a 
novel  link  between  dipolar  segments,  with  the  ultimate  aim  of 
incorporating  this  linker  in  a  polymer  such  as  2.  So  far.  we  have 
synthesized  bis  chromophores  3  and  4,  as  well  as  single  chromophores  S 
and  6.  We  show  via  dipole  nwment  measurements  that  the  dipoles  on 
either  side  of  the  imine  link  are  almost  perfectly  additive,  i.e.  the  bonds  to 
the  internal  donor  and  acceptor  supplied  by  the  link,  as  well  as  the 
principal  moments  of  the  segments,  are  virtually  parallel. 

The  dimeric  chromophores  were  synthesized  as  shown  in  Hgure  2.^ 
Compounds  5  and  6  were  synthesized  from  the  appropriate  aldehydes  and 
cyclohexylamine  in  toluene.  The  dipole  moments  of  3-7  determined  in 
dioxane  solution  from  plots  of  dielectric  constant  vs.  weight  fraction  of 
solute*  flinear  correlation  coefficients  of  >0.997)  are  9.2,  10.6,  2.7,  4.8, 
and  6.8*  D,  respectively.  Clearly,  the  dipole  moments  for  models  of  the 
segments  of  3  add  up  to  a  value  (9.5  D)  that  nearly  equals  the  dipole 
moment  of  2,  and  is  within  experimental  error  of  that  moment  Significant 
additivity  is  also  indicated  for  4.  Molecular  modelling  (MOPAQ  predicts 
a  phenylene-phenylene  angle  for  2  of  150-180°,  which  is  consistent  with 
the  observed  additivity  of  the  moments.  The  apparent  additivities  could 
have  been  diminished  slightly  because  the  axis  of  the  benzaldimine 
chromophore  moment  is  not  entirely  coincident  with  the  1,4-axis  of  the 
phenylene  unit,  and  small  contributions  from  C-N  single  bonds  may 
slightly  influence  the  moments  as  well. 

We  expect  polymers  with  structures  like  1  to  be  highly  dipolar  rigid  rods, 
by  virtue  of  the  significant  dipole  moment  contributed  by  each  segment 
and  the  nearly  perfect  projection  of  the  moments  along  the  rigid  rod  axis 
assured  by  the  imino  connector.  Efforts  to  synthesize  these  polymers  are 
currently  in  progress. 
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Introduction 

Recently  organic  and  polymeric  materials  have  been  of  particular 
interest  due  to  their  promising  potential  applications  in  opdcal  infortnadon 
(socessing  andielecommunicadons.*'^  This  interest  has  arisen  from  the 
promise  of  anracdve  combinadons  of  opdcai  structural,  and  mechanical 
properdes.  Organic  and  polymeric  materials  can  exhibit  considerably 
high  opdcal  damge  thre^olds  and  broad  transparency  ranges.  In 
ad^don,  the  ability  to  prepare  numerous  derivadves  implies  that 
properties  can  be  tuned  to  meet  specific  requirements.  Because  of  their 
processability  into  various  forms,  polymer  seem  pardcularly  attracdve  for 
applications  in  nonlinear  opdcs. 

Popular  apptoatdies  for  the  generadon  of  polymers  exhibiting  second 
harmonic  generadon  (SHG)  include  poling  linear  polymers^  or  networks^ 
containing  dissolved.  NLO-acdve  chromophores,  or  polymers  to  which 
suitable  chromophores  have  been  covalendy  attached.^  We  have 
considered  approaches  for  the  preparadon  of  polymer  films  capable  of 
second  harmonic  generadon  where  elecnic  field  poling  of  is  carried  out 
during  polymerization  and  film  fotmadon  using  nKMiomers  bearing 
NLO-acdve  chromophores.  In  previous  preprint,^  we  demonstrated  this 
idea  with  the  simultaneous  synthesis  and  poling  of  a  polyurethane  derived 
from  N,N-bis-(2-hydioxyethyl)-p-nitroaniline  and  l,6-<disocyanato- 
hexane.  Solidificadon  to  glassy  thin  films  is  complete  within  a  few 
;.econds  owing  to  the  fast  kinetics  of  isocyanate/alcohol  teacdons. 

The  present  paper  describes  in  more  detail  the  synthesis  and  opdcal 
characterizadon  of  some  of  these  new  polymers.  The  general  approach  is 
outlined  in  Scheme  1. 
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A  mixture  of  2  g  (9.57  mmol)  of  N,N-Di(2-hydroxyethyl)-p- 
aminobenzaldehyde,^  0.96  g  (9.57  mmol)  of  hydantoin  and  3  drops  of 
piperidine  in  25  ml  of  ethanol  was  heated  under  reflux  for  20  hours.  The 
mixture  was  cooled  and  yellow  produa  was  colleoed  and  recrystallized 

from  water.  Yellow  crystals  were  obtained  (m.p.239-40°O.  UV:  X 

max 

(EtOH)  =  388nm.  'H  NMR  (DMSO-(%):  5  vs.  TMS;  6.69  (d).  7.43  (d): 
aromadcs;  3.30-3.70  (m):  methylene  protons;  6.3  l(s);  methine  proton; 
7.70(s).  10.41(s):  NH;  4.80(s):  OH. 

4-(3-amino- 1  -nroDanol)-3-lN.N-Di(2-hvdroxvethvllanilinel-cvclobutene- 
1.2-dione.  lb. 
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The  diols  (1)  are  typically  comprised  of  a  bis-(2-hydroxyethyl)aniline 
moiety  connected  at  the  para  posidon  to  acceptors  such  as  nitro, 
tricyanovinyl.  p-nitroethenyl,  cyclobutene  dione,  and  imidazolidine  dione. 
We  note  that  these  diols  may  alk>  have  utility  as  dyes  in  a  variety  of 
step-growth  polymers.  We  have  prepared  about  twelve  new  diols  beating 
NLO-acdve  chromophores,  and  the  synthesis  of  one  of  these  will  be 
descibed  in  detail  later.  A  new  triol  capable  of  network  formadon  during 
polymerizadon  and  poling  will  also  be  described,  and  the  stability  of  the 
SHG  response  from  polyurethanes  derived  from  the  diol  and  triol  will  be 
compared.  Pu  recendy  proposed  the  use  of  the  cyclobutene-  dione  moiety 
as  a  promising  new  electron  acceptor  gtoup.^  and  the  triol  utilized  in  the 
present  study  employs  this  acceptor  along  with  an  aniline  donor.  The 
diol  we  discuss  below  contains  an  imidazolidine  dione  as  an  acceptor, 
which  to  our  knowledge  has  not  been  examined  previously.  The  diol  and 
triol  were  reacted  with  commercially  available  diisocyanates,  in  particuiar 
2,4-toluene  diisocyanate  (TDI),  in  an  electric  field  as  outlined  in  Scheme 
1.  A  corona  generated  at  the  tip  of  a  sharp  tungsten  needle  was  used  for 
poling. 


Experimental 

5-  l4-rN.N-Di(2-hvdroxveihvl)aminolbenzvlidene  1  imidazolidine-2.4-dio 
ne.la. 


A  solution  of  8.89  g  (49  mmol)  of  N.N-Di-(2-hydroxyethyl)aniline 
in  49ml  dichloromethane  was  added  dropwise  to  the  mixture  of  3.68  g 
(24.5  mmol)  1,2-dichlotocyclobutenedione^  and  3  ml  (0.24.5  mnwl)  of 
boron  trifluoride  etherate  in  15  ml  of  dichloromethane  at  5-  lO^C  with 
stirring.  After  the  addition  was  completed,  the  mixture  was  sorted  for 
another  4  hours  at  S-IO^C.  The  solvent  was  evapmted  out  and  the 
residual  viscous  liquid  was  poured  into  150  ml  of  ice  water  containing  2 
drops  of  concentrated  hydrochloric  acid.  An  orange  powder  was 
precipitated.  The  mixture  was  filtered  and  washed  well  with  cold  water. 
The  product  was  purified  by  column  chromatography  and  rectystallized 
from  chloroform.  Orange  crystals  of  4-chloro-3-[N,N-Di(2- 
hydroxyethyl)aniline)-cyclobutenc- 1 ,2 -dione  were  obtained 

(m.p.l36-80Q.  *H  NMR  (CDjCN-dj);  6  vs.  TMS;  8.05(d),  6.94(d): 
aromatics;  3.61-3.73(ra):  methylene  protons;  3.29(s):  OH. 

Next,  a  mixture  of  0.295  g  (1  mmol)  of  4-chloro-3-[N,N-Di(2- 
hydroxyethyl)anilinel-cyclobutene-l,2-dione,  0.15  g  (1  mmol)  of 
3-amino-  1-propanol  and  10  ml  of  absolute  ethanol  was  heated  under 
reflux  for  10  minutes.  After  cooling  in  an  ice  bath,  the  yellow  product 
lb  was  separated  and  crystallized  fr^  absolute  ethanol  fyellow  crystals. 

m.p.l98-90C).  UV:  (EtOH)  =  399nm.  ’H  NMR  (DMSO-ty;  5 

vs.  TMS:  6.80(d),  7.83(d):  aromatics;  1.76(m),  3.73(m).  3.43-3.69(ra); 
methylene  protons;  8.69(t);  NH;  4.53(t),  4.80(t):  OH. 

Synthesis  and  poling  of  polyurethanes  derived  from  la  and  lb  and  TDI. 

An  equiiTKilecular  amount  of  diol  and  diisocyanaie  was  dissolved  in  10 
ml  of  distilled  tetrahydrofuran  (THE).  Ten  drops  of  the  solution  were 
deposited  onto  a  1  mm  thick  transparent  microscope  slide  (Fisher, 
Premium)  coated  on  the  opposite  side  with  aluminium.  The  slide  was 
immediately  placed  0.7  cm  under  a  sharpened  tungsten  needle  elecmxle 

charged  at  10  kV  and  the  mixture  was  then  heated  at  1 10®C  for  20 
minutes.  A  bright  yellow  polymer  film  formed  in  a  few  seconds.  The 
heat  was  then  shut  off  and  the  polymer  was  allowed  to  cool  to  room 
temperature  and  finally  the  electnc  field  was  terminated.  The  A1  coanng 
was  removed  using  dilute  HQ.  Polymer  film  thickness  was  measured 
with  a  profilometer  (Alpha-Step  200).  and  each  sample  \nclded  thickness 
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values  in  the  range  of-1 

jfmna  haimonic  eenerarion  (SHG’)  measiin-mgntc  The  second 
liannonic  generanon  (SHG)  at  532  nm  of  the  poled  polyurethanes  was 
measured  in  transmission.  The  incident  source  was  the  1064  nm 
fundatoental  of  a  Q-switched  DCR-2A  Quanta-Ray  NttYAG  laser 
openiing  at  a  10  Hz  repetition  rate  and  a  9  ns  pulse  duration. 

In  the  SHG  experiment  the  monchromatic,  near  Gaussian  pump  beam 
with  a  diameter  of  0.9  cm  was  immediately  directed  through  a 
Glan-Taylor  polarizer  to  select  lineaiiy,  vertically  polarized  light  A  1041i 
beamsplitter  was  employed  before  the  polymer  sample  to  direct  a  firaction 
of  tte  beam  into  a  station^  polycrystalline  quartz  reference.  The 
collimated  beam  propagating  thim^  the  beamsplitter  was  then  incident 
on  a  20  cm  focal  length  lens  which  was  positioned  20  cm  in  front  of  the 
0.2  m  McPherson  monochromator. 

The  polymer  sample  were  mounted  on  a  rotation  stage  in  between  the 
entrance  of  the  monochtomato'  and  the  lens,  and  rotated  around  a 
horizontal  axis  at  about  1  degree/sec.  P-polarization  was  selected  by 
having  the  incident  beam  in^inge  perpendicularly  to  the  horizontal 
nation  axis  as  the  sample  was  rotated  from  an  angle  of  incidence  of  +80^ 
to  -80^.  After  the  sai^le  two  IR  absorbing  Schott  KG-1  glass  filters 
and  a  polarizer  were  udUzed  to  allow  only  the  vertically  polarized  signal 
throu^  to  monochromator  entrance. 

At  the  nxrnochromator  exit  slit,  the  optical  signal  was  detected  by  a 
cooled  RCA  c3 1034  photomuldplitt  mbe.  After  preamplification,  the 
signals  fiom  individual  laser  pulses  were  measured  and  digitized  using  a 
Stanford  Research  System  gated  integrator  Model  SR^O  and  Model 
SR24S  Computer  Interface  Module.  The  processed  signals  from  the 
laser  pulses  were  then  digitally  stored. 

Pulse  to  pulse  laser  intensity  variations  were  retrxrved  by  monitoring 
the  SHG  generated  in  the  quartz  reference.  The  detection  of  the  SHG 
produced  in  the  reference  was  the  same  as  that  for  the  sample's  signal. 

The  refractive  indices  of  the  polymer  film  prepared  from  diol  la  and 
TDI  are  1.620  (532  nm)  and  1^65  (1064  nm);  those  for  the  polymer 
prepared  from  tiiol  lb  and  TDI  are  1.602  (532  nm)  and  1.544  (1064 
nm).  These  values  were  determined  at  the  University  of  Lowell  (Prof.  S. 
K.  Tripathy's  laboratory). 

SHG  Stability.  The  SHG  intensity  was  measured  as  a  function  of  time 
after  poling  at  room  tempcranire.  As  a  further  test  of  the  SHG  stability, 
the  sample  was  heated  to  100°C  and  the  SHG  intensity  was  monitored 
continuously  at  a  fixed  angle  (0  =  56®). 

Results  and  Discussion 

Figure  1  shows  a  Maker-fringe  curve  ( p-p  measurement )  obtained 
fiom  a  poled,  crosslinked^  *  polyurethane  prepared  from  lb  and  TDL 
The  second  hatmonic  coefficient  was  calculate  from  the  angular 
dependence  of  the  second  harmonic  (SH)  intensity  and  the  formalism  of 
Jetphagnon  and  Kurtz  for  uniaxial  materials,  assuming  also  that  djj  =  d24 
“  *^1S  *  l/3d33.^'*®  SHG  coefficient  for  the  network  polymer  was 
determined  to  be  d^j  =  7.81x10'®  esu.  The  SH  intensity  of  the  poled 
crosslinked  polyurethane  is  extremely  stable.  For  example,  no  relaxation 
of  SH  intensity  is  observed  even  during  one  hour  at  1(X)®C.  The 
polymer  preptued  from  the  diol  la  and  TDI  is  less  stable,  experiencing 
slow  decay  of  SH  intensity  over  a  six  nxinih  period  at  room  temperature 
as  shown  in  Figure  2.  The  633  values  obtained  shortly  after  poling  and  ~ 

6  months  after  poling  are  8.74  x  10”®  and  6.03  x  10'®  esu,  respectively, 
■pie  temporal  response  is  somewhat  better  than  those  of  other  poled, 
linear  polymers,  and  may  be  due  to  hydrogen  bonding  between  urethane 
and/or  imidazolidine  dione  units  assisting  to  retard  depolaiizatiotL  The  Tg 

of  this  polymn  is  about  178®C  from  differential  scanning  calorimetry. 

The  polymer  is  soluble  in  THF,  arguing  against  crosslinking  during 
synthesis  via  ailophanaie  formation  or  reactions  at  the  imidazolidine 
(hone. 

In  summary,  we  believe  the  in-sim  poling  and  polymerization  of  diiso¬ 
cyanates  and  NLO-bearing  diols  and  triols  represents  a  useful  approach 
for  the  synthesis  of  NLO-active  polymer  films  having  attractive  optical 
properties  and  temporal  stability. 
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Figure  1.  Fringe  paizcm  of  crosslinked  polyurethane  prepared  from  lb 
and  TDL 
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OPTICAL  FOUR-WAVE  MIXING  IN  A  SILVER  COLLOID-POLYMER 
COMPOSITE 

R.  LaPeruta.  P.  Kltlplchal,  G.  E.  WneX,  and  G.  M. 
Korenowski,  Department  of  Chemistry.  Rensselaer  Polytechnic 
Institute,  Troy,  New  York  12180. 

INTRODUCTION 


Increasing  Interest  In  applications  of  nonlinear 
optical  (NLO)  processes  has  stimulated  research  aimed  at 
developing  materials  possessing  large  third  optical 
nonlinear! ties.  This  focus  on  third  order  NLO  materials  Is 
a  direct  result  of  the  large  number  of  different  four-wave 
mixing  (FWM)  processes  which  can  be  exploited  In 
applications.  One  example  of  a  FWM  process  Is  optical 
phase  conjugation.  Optical  phase  conjugation  can  be  used 
to  restore  distorted  optical  wave  fronts  and  has  potential 
applications  In  laser  amplification  and  laser  fusion  as 
well  as  in  optical  Image  restoration. 


All  FWM  processes  result  from  the  third  order  NLD 
polarization,  . 


p<3>  =  E  E  (1) 

(31  ^  ^  ^ 

The  magnitude  of  P  In  a  given  material  is  directly 
proportional  to  the  product  of  the  electric  fields  of  the 
Incident  light  waves.  P*^’  Is  also  proportional  to  the 
third  order  NLO  susceptibility,  ■  It  Is  which  Is 

characteristic  of  the  optical  medium. 


In  this  paper,  we  undertake  the  first  work  on  the 
development  of  NLO  composites  constructed  from  noble  metal 
nanoparticles  In  NLO  polymer  hosts.  As  separate  classes  of 
materials,  both  the  organics  and  metal  nanoparticles  show 
promise  as  NLO  materials.  When  combined  to  form 
composites.  Interactions  between  the  polymer  host  and 
entrapped  metal  nanoparticles  can  potentially  be  used  to 
produce  i«uge  optical  nonllnearltles.  Tailoring  the  size 
and  shape  of  the  metal  particles  to  Increase  local  fields 
internal  to  the  composite  and  having  charge  transfer 
interactions  between  the  polymer  and  metal  particles  are 
several  mechanisms  by  which  an  Increase  In  the  nonlinear 
polarizabilities  can  be  achieved.  We  present  the  first 
synthetic  preparation  of  a  polymer/sllver  nanoparticle 
co^j^slte.  its  characterization,  and  the  measurement  of 
|xxxxx|  for  degenerate  four-wave  mixing  (DFWH)  at  selected 
wavelengths. 


EXPERIMENTAL 

A:  Synthetic  Preparations 

Silver  colloids  were  prepared  by  reduction  of  silver 
Ions  with  lithium  borohydrlde.  This  preparation  was  a 
slight  variation  of  the  method  developed  by  Creighton  et  al 
(1979).  .pils  Involved  the  drop-wise  addition  of  33.33  ml 
of  1  X  10  M  AgNOa  solution  over  the  course  of  10  minutes 
to  100  ml  of  a  freshly  prepared  2  x  lO”^  M  L1BH4  solution 
while  constantly  stirring.  The  solution  became  faint 
yellow  In  color  upon  the  addition  of  the  sliver  nitrate 
solution.  The  silver  colloids  have  an  absorbance  maximum 
at  -397  nm  corresponding  to  the  surface  plasmon  resonance 
of  the  silver. 

The  silver  colloids  were  further  characterized  In 
terms  of  size  and  shape  by  transmission  electron 
microscopy.  The  average  diameter  of  the  silver  sols  used 
In  the  polymer/col lold  composite  was  determined  from 
transmission  electron  microscopy  to  be  11.46  ±  3.74  nm. 
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In  10  ml  of  a  silver  colloidal  solution  (6  x  10  * 
volume  fraction  of  silver).  1.5  mg  of  the  trlcyano  monomer 
was  dissolved.  The  water  was  removed  by  rotary  evaporation 
over  30  minutes  at  50  C  followed  by  vacuum  drying  at  room 
temperature  for  12  hours.  The  sample  was  dissolved  In 
tetrahydrofuran  and  0.05  g  of  additional  trl:yano  monomer 
was  added  to  the  solution.  A  stolchlometrlcally  correct 
quantity  of  1.6-dllsocyanotohexane  (corresponding  to  1:1 
ratio  of  monomers)  was  added  to  the  resulting  solution 
followed  by  vigorous  stirring.  Homogeneous  mixtures  of  the 
two  solutions  were  made  using  various  relative 
concentrations  of  the  two  In  order  to  vary  the  sliver 
particle  concentration  In  the  resulting  composite. 
Approximately,  1  ml  of  a  given  mixture  placed  on  a  BK-7 
glass  slide  and  the  solvent  was  allowed  to  evaporate  at 
room  temperature.  The  subsequent  monomer  mixes  were  heated 
to  110  C  to  polymerize  and  form  the  composite  via  the 
following  reaction 


B:  Degenerate  Four-Wave  Mixing 

The  experimental  arrangement  for  the  phase  conjugation 
measurements  Is  shown  in  Figure  la.  The  measurements  were 
performed  at  the  three  wavelengths  532  nm,  562  nm  and  570 
nm.  The  532  nm  source  was  the  second  liarmonlc  from  a 
Quanta-Ray  Q-Swltched  DCR-2A  Nd:YAC  laser  operating  at  lU 
Hz  with  a  6-7  ns  pulse  duration.  The  562  and  570  nm  lines 
were  obtained  from  a  Quantel  TDL50  dye  laser  operating  with 
Rhcxlamine  590.  The  dye  laser  was  pumped  with  a  Quantel 
Q-Swltched  YC581C-20  Nd:YAG  laser  operating  at  20  Hz.  The 
pulse  duration  of  the  dye  laser  was  6  ns.  In  the  DFHM 
experiment,  the  two  pump  beams  were  counterpropagatlng  and 
the  optical  fields  were  coupled  Into  the  glass/thln  film 
composite  waveguide  by  1  cm  right  angle  prisms  as  shown  In 
Figure  lb.  The  probe  beam  was  6*  off  the  pump  beam  axis. 
All  Incident  beams  were  vertically  polarized.  The 
Intensities  of  the  two  pump  beams  were  varied  from  2.83  x 
10**  to  8.74  X  10**  erg/cm^s.  The  probe  beam  Intensity  was 
varied  from  1.42  x  10**  to  4.37  x  10**  erg/cm*s.  The  phase 
conjugate  signal  beam  was  focused  Into  a  0.2  m  McPherson 
monochromator  with  a  20  cm  focal  length  lens.  At  the 
monochromator  exit  slit,  the  optical  signal  was  detected  by 
a  calibrated  and  cooled  RCA  C31034  photomultiplier  tube. 
After  preampllf Ication.  the  signal  from  Individual  laser 
pulses  was  measured  and  digitized  using  a  Standford 
Research  System  gated  Integrator  Model  5R250  and  Model 
SR245  Computer  Interface  Module.  The  processed  signals 
from  the  laser  pulses  were  then  digitally  stored. 


RESULTS  AND  DISCUSSION 


A  N,N-dl-(2-hydroxyethyl  )-p-trlcyanoethylanIlliie 
monomer  (trlcyano)  for  the  polyurethane  preparation  was 
synthesized  according  to  the  following  reaction 


The  colors  of  the  polyurethane/sl Iver  nanoparticle 
composite  and  the  polyurethane  polymer  are  very  different. 
The  polymer  Is  dark  red-violet  while  the  composite  material 
Is  light  yellow.  UV-vislble  spectra  for  the  polymer  and 
the^ polymer/sllver  composite,  volume  fraction  of  silver  5  x 
10  ,  are  shown  In  Figure  2. 


Degenerate  four-wave  nixing  measurements  were  made  on 
thin  fll*s  of  this  polyner/conposlte  material  (volume 
fraction  of  sliver  ~S  x  10'°).  These  measurements  were 
performed  in  the  thin  film  waveguide  arrangement  previously 
described.  Table  1  lists  values  of  |x  |  ibe 

wavelengths  of  532  nm,  562  nm,  and  570  nm  which  were 

obtained  from  these  measurements.  To  extract  a  value  of 
the  Intensity  of  the  signal  beam  in  the  four-wave 
nixing  experiment  was  measured  and  a  reflectivity  (R)  was 
determined.^  This  reflectivity  is  related  to  |j;  |  by 

Equation  2. 

R  “  ^(2xu)/cnj  (Sx/cn)^  1^  (2) 

g.  the  reflectivity,  is  the  ratio  of  signal  power  to 
Uicident  probe  power  and  Ir  and  Ib  are  the  intensities  of 
the  forward  and  backward  pump  light  beams,  respectively.  L 
Is  the  optical  path  length  through  the  composite.  From 
power  dependence  studies,  the  value  of  n  in  Equation  (1) 
was  determined  to  be  2. 

The  maximum  value  measured,  =  (3.65  t  1.09)  x 

lO'***  (esu),  was  at  532  nm  and  was  appreciably  larger  than 
measured  for  a  silver  colloidal  solution.  At  532 
m,  a  sol  solution  containing  an  approximately  equal  volume 
fraction  of  silver  nanoparticles  as  that  found  In  the 
eonx>site  yielded  a  magnitude  of  |  >  (0.963  ±  0.503)  x 

10'  ®  (esu). 


In  comparing  the  composite  to  sliver  nanoparticles  In 
water,  it  is  not  Icnown  whether  the  larger  value  of  | 
for  the  composite  is  the  result  of  polymer/metal  particle 
interactions.  It  is  possible  that  this  Increase  In  | 
is  from  an  additional  nonlinearity  from  the  polyurethane. 
tFVH  measurements  were  also  performed  on  polyurethane 
films.  No  DFVM  signals  were  observed.  This  lack  of  a  DFWM 
signal  could  be  the  result  of  several  factors.  One 
possible  factor  is  that  DFWM  signals  could  have  been 
absorbed  by  the  polymer.  A  second  possibility  is  that  the 
oolymer  may  possess  a  sull  |z  ^  |  with  respect  to  DFWM. 

The  extent  to  which  TOlymer/sllver  nanoparticle 
nteractions  contribute  to  |x  ’|  of  the  composite  is  not 
letemined  at  this  time.  Evidence  was  found,  however, 
that  indicates  strong  Interactions  exist  between  the 
functional  groups  of  the  polymer  and  the  silver  particles, 
this  evidence  implies  that  these  Interactions  are 
potentially  responsible  for  an  increase  In  the  optical 
nonlinearity  of  the  composite. 

In  the  composite  preparation,  the  dlol  bearing  a 
tricyanovinyl  moiety  of  the  polymer  was  introduced  to  the 
silver  colloidal  solution.  It  was  observed  that  the 
trlcyano  monomer  stabilized  the  silver  nanoparticles. 
Without  the  monomer,  the  silver  particles  agglomerate  and 
precipitate  over  time.  Also,  during  evaporation  of  a  sol 
solution,  particle  agglomeration  was  observable.  However, 
alth  the  addition  of  the  monomer,  there  was  no  evidence 
that  the  silver  particles  were  agglomerating. 

Raman  spectra  of  the  trlcyano  monomer  In  a  sol 
■olution  showed  a  vibrational  Raman  band  at  -530  cm'‘. 
nils  band  is  assigned  to  a  Ag-cyano  stretching  mode^  and 
indicates  the  trlcyano  monomer  is  chemisorbed  to  the  silver 
tanoparticles.  This  also  suggests  that  other  strong 
'.nterfacial  interactions  (such  as  charge  transfer)  between 
he  polymer  and  silver  nanoparticles  can  exist. 

In  the  composite.  It  appears  that  the  polymer  Is 
itrongly  interacting  with  the  entrapped  silver 
Paaopartlcles  through  the  cyano  functional  group.  Solution 

studies  show  absorptions  by  the  aromatic  ring  protons 
3t  the  tricyanovinyl  moiety,  are  slightly  shifted  upfleld 
for  the  composite  with  respect  to  those  observed  for  the 


polymer  sample.  This  Is  Indicative  of  greater  electron 
density  In  the  aromatic  rings  In  the  polyurethane/sllver 
nanoparticle  composite  In  comparison  to  the  polyurethane. 
In  the  composite  material,  cyano  groups  are  apparently 
Interacting  with  the  silver  nanoparticles.  The  result  Is 
the  reduction  of  the  electron  withdrawing  capabilities  of 
the  cyano  groups. 

In  addition,  FTIR  spectra  of  the  polymer  versus  the 
composite  show  a  decrease  In  the  strength  of  the  free  ON 
stretching  band  (-2250  cm"*)  for  the  composite  Indicating 
fewer  free  cyano  functional  groups.  This  additional 
evidence  points  to  chemisorption  of  the  polymer  to  the 
silver  particles  and  existence  of  interactions  between 
these  two  components  of  the  composite. 

In  summary,  the  first  of  a  new  class  of  polymer/noble 
metal  nanoparticle  composite  materials  was  synthesized  and 
characterized.  '^^'■{*3)  respect  to  DFWM,  this  composite 
exhibits  a  larger  |x  |  than  that  measured  for  either  of 
its  component  parts  alone.  Interactions  between  the 
polymer  functional  groups  and  the  entrapped  metal  particles 
are  believed  to  be  the  origin  of  the  Increase  In  optical 
nonlinearity. 
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1.  Introduction. 

The  liquid  crystalline  state  is 
characterised  by  long-range  orientational 
correlations  of  molecular  groups  which  are 
usually  described  in  terms  of  an  order 
parameter,  S.  A  wide  variety  of  optical 
phenomena,  such  as  changes  in  refractive  index, 
may  be  induced  in  liquid  crystalline  materials, 
either  through  variation  in  S  or  by  manipulation 
of  the  director  n.  In  addition  to  the  well  known 
electric  and  magnetic  effects  known  in  nonlinear 
optics  these  induced  changes  may  come  about  via 
photochromic  units  which  are  mixed  in  with  the 
mesogen:  Upon  irradiation  at  an  appropriate 
wavelength  it  is  possible  for  some  photochromic 
molecules  to  undergo  a  shape  change  via 
isomerisation.  This  change  can  disrupt  the  local 
ordering  of  the  liquid  crystalline  units  and 
consequently  change  the  properties  of  the 
material.  By  combining  both  units  into  a  polymer 
it  is  possible  to  utilise  polymeric  properties, 
such  as  their  processability  and  glass 
transition,  whilst  maintaining  the  liquid 
crystalline  properties  of  the  low  molar  mass 
analogues . 

In  this  report  we  present  some  novel  liquid 


crystalline  copolymers  in  which  we  are  able  to 
manipulate  the  order  parameter  S  and  the 
director  n  through  selective  irradiation  with 
light.  In  particular  we  are  able  to  photoinduce 
an  isothermal  phase  transition  from  the 
orientationally  ordered  liquid  crystalline  state 
(0<S<1)  to  the  isotropic  phase  where  S=0  in 
copolymer  1  whilst  in  copolymer  2  we  are  able  to 
change  the  direction  of  n  with  respect  to  some 
initial  predef ined  orientation .  Photocontrol  of 
both  S  and  n  has  been  reported  recently  for 
polymeric  liquid  crystal  systems  [1-6].  In 
essence  all  of  these  reports  utilise  the 
possibility  of  optically  pumped  geometric 
isomerisation  in  which  the  structural  effects  of 
isomerisation  have  been  exploited  rather  than 
directly  using  the  photochromic  properties.  In 
such  liquid  crystalline  systems  the  photoactive 
units  may  be  present  as  a  small  fraction  of  the 
total  material. 

The  changes  in  S  and  n  for  the  copolymers 
studied  occur  due  to  photoinduced  isomerisation 
of  the  photoactive  units  (E-Z  isomerisation).  In 
copolymer  1  the  chromophore  unit  is  non- 
mesogenic  in  nature  and  photoisomerisation 
results  in  a  depression  of  Tj|  as  a  direct 
consequence  of  a  change  in  S.  In  copolymer  2, 
however,  the  chromophore  is  mesogenic.  In  this 
case  the  isomerisation  results  in  a  rotation  of 
the  mesogenic/photoactive  units  (change  in  n). 

2.  Results 

2.1.  Naphthyl  System 

The  copolymer  1  was  prepared  by  free 


radical  polymerisation  of  the  appropriate 
monomers  as  described  elsewhere  (7  and  8].  This 
copolymer  with  R  :R‘=9:1  exhibited  a  nematic 
phase  with  Tj|  =  66‘C  and  T  =25’C.  The  chromophore, 
R  ,  can  unaergo  E~Z  isomerisation  about  the 
ethylenic  bond.  Films  (ca.  18pm  thickness)  were 
prepared  on  both  surface  treated  and  untreated 
glass  slide  substrates.  The  copolymer  was  melted 
between  the  substrate  and  a  glass  cover  slip 
(thickness  ca.  0.1mm)  followed  by  pressing  in  a 
clamp.  The  phase  behaviour  of  these  prepared 
copolymer  films  was  evaluated  using  conventional 
thermo-optic  procedures.  Wavelength  selective 
irradiation  of  these  films  was  achieved  using  a 
150W  Xe  arc  lamp  incorporating  an  infrared 
filter  and  a  grating  monochromator  together  with 
a  variable  temperature  stage  which  allowed  in- 
situ  irradiation  (9).  Spatial  selectivity  in 
irradiation  was  achieved  through  the  use  of 
masks . 

Films  prepared  as  outlined  above  were 
irradiated  using  a  narrow  band  (40nm)  of 
wavelengths  centred  on  340nm  for  30min  to 
achieve  E-Z  isomerisation.  Figure  1  shows  the 
change  in  transmitted  light,  as  a  function  of 
temperature,  passing  through  the  sample  in  the 
polarising  microscope.  The  sample  was  viewed  so 
that  half  of  the  area  represented  the  irradiated 
part  of  the  sample  and  the  other  half  the 
unirradiated.  From  this  graph  we  can  see  that 
two  transitions  are  present,  due  to  each  of  the 
irradiated  and  unirradiated  areas,  and  shows  a 
depression  in  the  transition  temperature  of 
~3*C.  Analysis  of  UV-VIS  curves  taken  from 
solutions  of  irradiated  and  unirradiated  films 
leads  to  the  result  that  under  the  irradiation 


conditions  specified  the  film  is  optically 
pumped  to  36XE  isomer  (film  initially  contained 
lOOXE) . 

As  a  result  of  the  depression  in  Tj.  it  is 
possible  to  hold  a  film  which  has  irradiated  and 
unirradiated  areas  at  a  temperature,  T  (Figure 
1 ) ,  such  that  we  can  observe  areas  of  isotropic 
and  liquid  crystalline  material.  This  gives  the 
potential  for  storage  of  data  into  the  film.  By 
selection  of  an  appropriate  mask  which  can  be 
laid  on  the  film,  areas  of  film  may  be  defined 
as  irradiated jOr  unirradiated.  Then  by  heating 
the  film  to  T  it  is  possible  to  read  out  the 
data  with  either  polarised  or  unpolarised  light 
as  a  contrast  image  of  liquid  crystalline  and 
isotropic  phases.  The  image  can  then  be  frozen 
into  the  film  by  quenching  to  below  the  glass 
transition  (  8 ]  . 

2.2.  Azobenzene  System 

The  copolymer  2  was  prepared  by  a  similar 
route  to  that  described  fqr  the  Naphthyl  system. 
This  copolymer  with  R‘:R  -9:1  exhibited  a 
nematic  phase  with  T||  =  77‘C  and  T=24*C.  The 
chromophore,  R  ,  can  undergo  E-Z  isomerisation 
about  the  nitrogen  double  bond.  Films  were 
prepared  in  the  same  way  as  for  the  Naphthyl 
system  using  surface  treated  glass  slides  to 
define  an  initial  orientation  for  the  copolymer. 
The  sample  was  annealed  at  65"C  to  fully  develop 
the  surface  alignment,  and  irradiated  with  the 
polarisation  state  of  the  beam  set  parallel  to 
the  surface  alignment  of  the  film  for  30min  with 
the  wavelength  centred  on  350nm.  Thermo-optic 
analysis  of  the  film  using  the  polarising 


■icroscope  revealed  there  to  be  no  depression  in 
the  transition  temperature  due  to  irradiation. 
However  there  was  still  contrast  between  the 
unirradiated  and  irradiated  areas  due  to  a 
change  in  orientation  of  the  irradiated  area 
with  respect  to  the  initial  alignment  direction. 
Analysis,  similar  to  that  of  copolymer  1,  of  UV- 
VIS  curves  taken  from  solutions  of  irradiated 
and  unirradiated  films  lead  to  the  result  that 
the  film  had  been  pumped  to  9XE  isomer  (film 
initially  contained  lOOXE). 

As  a  result  of  the  orientation  change  it  is 
possible  to  store  data  into  the  film.  Irradiated 
areas  can  be  distinguished  from  unirradiated 
areas  by  use  of  a  polarised  beam.  Viewed  by  the 
eye  under  unpolarised  light  it  is  not  possible 
to  distinguish  between  irradiated  and 
unirradiated  areas  in  contrast  to  the  case  for 
a  stored  image  in  copolymer  2 


2  M.Eich  and  J.H.Wendorf,  Makromol.  Chem. 

Rapid  Commun.,  1987,  8,467. 

3  K.Anderle,  R. Birenheide ,  M.Eich  and 
J.H.Wendorf,  Makromol.  Chem.  Rapid  Commun., 
1989,10,477. 

4  T.Ikeda,  S.Horiuchi,  D  .  B .  Karan j it , 

S.Kurihara  and  S.Tazuke,  Mac  ro  mo  le  cu  le  s  , 

1990,23,36. 

5  T.Ikeda,  S.Horiuchi,  D  .  B .  Karan j it , 

S.Kurihara  and  S.Tazuke,  Mac  romo  lecu  le  s  , 


1990,23,42. 

6  T.Ikeda,  D.B.Karanjit,  S.Kurihara  and 

S.Tazuke,  Macromolecules,  1990,23,3938. 

7  M. J .Whitcombe ,  A. Gilbert  and  G . R. Mi tchel 1 , 

Br.  Polym.  J.,  1990,23,77. 

8  C.H.Legge,  M . J . Whitcombe ,  A. Gilbert  and 

G. R. Mitchell ,  J.  Mater.  Chem.,  1991,1,303. 

9  C.H.Legge  and  G. R. Mitchell ,  J.  Phys .  D.  , 
submitted. 


3.  Discussion 

In  copolymer  1  (with  a  non-mesogenic 
Naphthyl  chromophore)  the  photoinduced  phase 
transition  occurs  as  a  result  of  a  composition 
change  in  the  photoactive  units,  although  it  is 
expected  that  the  coupling  within  the  liquid 
crystalline  phase  will  lead  to  some 
amplification  of  the  effects  of  such 
compositional  changes.  Clearly  reducing  the 
stability  of  the  liquid  crystalline  phase  will 
enhance  the  possibility  of  photoinduced  effects 
since  the  required  energy  change  will  be 
reduced.  So  in  copolymer  1  a  change  in  S  is 
achieved  on  photoisomerisation  via  a  non- 
mesogenic  chromophore  unit.  This  change  results 


in  a  reduced  transition  temperature,  T|| ,  of  the 
copolymer.  Because  we  are  observing  a  change  in 
S  it  was  found  unneccessary  to  prepare  the  film 
upon  a  surface  aligned  glass  substrate; 
untreated  glass  gave  similar  results.  In 
contrast,  for  copolymer  2  (with  a  mesogenic 
Azobenzene  chromophore),  the  role  of  the 
isomerisation  is  to  reorient  the 
nesogenic/chromophore  units.  The  necessity  for 
appropriate  polarisation  of  the  incident  UV 
light,  in  comparison  to  the  Naphthyl  system,  is 
required  in  order  for  any  effect  to  be  achieved. 
When  this  is  achieved  the  result  is  that 
although  the  units  have  been  realigned  along 
some  other  direction  the  chromophore  (which  is 
mesogenic)  has  not  reduced  the  stability  of  the 
liquid  crystalline  phase,  giving  no  depression 
in  the  transition  temperature. 

These  two  copolymers,  different  only  by  the 
small  amount  of  chromophore  present,  give  rise 
to  two  different  photochromic  effects  each 
requiring  different  methods  of  introduction  and 
detection  off.  The  mesogenic  chromophore 
requires  an  initial  well  defined  alignment  in 
the  film  and  polarised  light  (both  for 
irradiation  and  readout)  in  order  for  the 
photoisomerisation  to  be  detectable.  The  non- 
mesogenic  chromophore,  on  the  other  hand 
requires  only  UV  light  of  an  appropriate 
wavelength  in  order  to  achieve  a  detectable 
change . 


1  M.Eich  and  J.H.Wendorf,  Makromol.  Chem. 
Rapid  Commun.,  1987,  8,59. 
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Fig.l  Intensity  of  transmitted  light  through  the 
copolymer  1  film  in  a  polarising  microscopy 
versus  temperature  on  heating  at  2'C/min.  T* 
represents  a  temperature  at  which  it  is  possible 
to  view  the  irradiated  portion  of  the  film  in 
the  isotropic  state  and  the  unirradiated  potion 
in  the  liquid  crystalline  state. 
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1. Introduction 

Since  the  optical  information  storage  systems  such  as  Laser 
Vision,  Compact  Disk  and  Magnetic  Optical  Disk  are 
developing  quickly,  interest  in  polymers  suitable  for  optical 
applications  has  grown  enormously 

Poly(arylate)(PAr),  a  poly(ester)  from  bisphenol-A  (BPA)  and 
mixture  of  lerephtalic  acid/isophthalic  add  (1 :1  mol.  ratio),  is  a 
high  performance  polymer  which  has  high  thermal  resistance, 
impact  strength  and  optical  transparency.  However,  PAr  shows 
poor  processability  because  of  its  high  melt  viscosity,  and  what 
is  worse  for  optical  applications,  PAr  generates  positive 
intrinsic  birefrigence  during  the  processing  such  as  injection 
molding  and  extrusion,  with  the  retained  orientation  of 
molecules  after  the  cooling. 

On  the  other  hand,  poly(styrene)(PS)  has  high  optical 
transparency  and  negative  brefrigence,  so  birefrigence  would 
be  reduced  by  blending  PAr  and  PS(1).  However,  in  the 
blends  of  PS  and  PAr,  the  si2e  control  of  phase  within  Ipm, 
which  is  the  focused  laser  spot  diameter  of  optical  drive 
apparatus,  is  difficult  because  of  their  poor  compatibility. 
Therefore  chemical  bondings  would  be  required  between  PS 
and  PAr  molecules. 

The  purpose  of  this  report  is  to  propose  new  synthetic 
methods  of  block  copolymers(PS-b-PAr)  of  PS  and  PAr  and  to 
introduce  their  optical  properties. 


2.Experiments 

1  )Synthesis  of  functional  macromers  of  PS 
Two  kinds  of  functional  macromers  of  PS  were  synthesized 
by  radical  polymerization  using  functional  azo-radical  initiators. 
One  was  the  carboxyl  terminated  PS(PS-COOH),  synthesized 
at  363K  using  4,4'Azobis(4-cyanovaleric  acid)  (ACVA). 
Another  was  the  alcoholic  hydro-oxidal  terminated  PS(PS- 
OH{a)),  polymerized  at  383K  using 

2,2*Azobis[2(hydroxymethyl)-  propionitrile]  (AHMPN).  In  both 
synthetic  processes  the  initiators  were  continuously  added  to 
the  reactor  during  polymerization. 


HC^CH,  aCVA  HOOC-R — \ - 
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HC=CH,  AHMPN  HO-R- 


H  H 
C-C- 
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PS-OH(p)  (PS-NH,)  « 


cioc4  S-COCI 


Because  reactivity  of  carboxylic  groups  of  PS-COOH  is  much 
inferior  to  that  of  chloroformyl  groups  of  Isophthaloyl 
dichloride  (IPCOCI)/Terephthaloyl  dichloride(TPCOCI), 
carboxylic  groups  have  to  be  changed  into  more  reactive 
groups  before  polycondensation.  In  the  stepi  they  were 
coupled  with  excess  BPA  or  4,4'diaminodiphenyl  ether(DAPE) 
by  direct  condensation  method  with  triphenylphosphine  and 
hexachloroethane(2),  and  phenolic  hydro-oxidal  terminated  PS 
(PS-OH(p))  or  amino  terminated  PS  (PS-NH2)  were  prepared. 
In  the  step2  PS-b-PAr  were  synthesized  by  solution 
polycondensation  method  with  calcium  hydroxide(3). 


2-2)Synthesis  of  PS-b-PAr  using  PS-OH(a) 


(stepi ) 


PS-OH  (a) 


cioc4  S-coci 


(Et)j-N 


ps-coci 


(step2) 


Because  alcoholic  hydro-oxidal  groups  are  inferior  to  phenolic 
hydro-oxidal  groups  in  reactivity,  in  the  stepi  PS-OH(a)  were 
reacted  with  excess  IPCOCI/TPCOCI  with  triethylamine(4)  and 
chloroformyl  terminated  PS  (PS-COCI)  were  synthesized.  The 
step2  was  the  same  as  2-1 ). 


3)Characterization  of  PS  macromers  and  PS-b-PAr 

Molecular  weight  distributions  of  PS  macromers  and  PS-b- 
PAr  were  measured  by  Gel  Permeation  Chromatography 
(GPC)  ,  calibrated  by  mono  molecular  weight  distribution  PS, 
made  by  Waters  Corp.  Functionalities  of  PS-COOH  were 
estimated  by  neutralize  titration  and  those  of  PS-OH(a)  were 
calculated  by  NMR  measurement  of  PS-OH(a)  silyrated  by 
trimethylchlorosilane.  The  formation  of  PS-b-PAr  was  confirmed 
by  NMR  measurement  using  the  materials  of  which  unreacted 
PS  were  excluded  by  Soxhiet's  extracting  using  cydohexane 
for  26hr. 


2)Synfhesis  of  PS-b-PAr 

PS-b-PAr  were  prepared  by  the  following  reaction 
processes. 

2-1)Synfhesis  of  PS-b-PAr  using  PS-COOH 
(stepi)  /  \ 


PS-COOH 


4) Measurement  of  birefrigence  of  PS-b-PAr 

lOOpm  films  of  PS-b-PAr  were  casted  from  tetradoroefhane 
solution,  and  drawn  from  ir%  to  50%  at  483K.Birefigences  of 
drawn  films  were  measured  by  a  polarized  microscope 
using  white  light  source. 

5) Determination  of  melt  viscosity  of  PS-b-PAr 


PhjP,  c,ci, 

- i-  PS-OH(p)  (PS.NH,) 


Viscosities  of  PS-b-PA"-  were  estimated  by  a  flow  tester 
at  51 3K. 


S.Results  and  discussion 

1) Synthesis  of  PS  macromer 

As  it  is  extremely  important  to  control  molecular  weight 
dislritjution.  we  had  reported  to  add  functional  chain  transfer 
reactors  such  as  succinic  aid  peroxide  is  effective(5). However , 
it  turned  out  that  molecular  weight  distribution  could  be 
controlled  without  any  chain  transfer  reactors  by  adding  the 
initiators  continuously  at  the  adjusted  conversion{fig.1).  The 
number  of  functional  groups  of  PS  macromers  were  from  1 .2  to 
2.5  per  one  macromer  molecule. 

2) Synthesis  of  PS-b-PAr 

From  NMR  analysis,  two  kinds  of  proton  peaks  were  observed 
;  one  was  attributable  to  PS  and  another  to  PAr{fig.2). 
Transparent  PS-b-PAr  films  were  prepared  by  both  2-1)  and 
2-2).  In  these  reaction  processes  PS-b-PAr  were  synthesized  at 
the  room  temperature  and  the  ordinary  pressure  and  reactive 
ratios  of  PS  macromers  were  higher  than  85%. 


3) Birefrigences  of  PS-b-PAr 

Birefrigences  of  50%  drawn  films,  of  which  PS-composition 
were  from  40%  to  60%.  were  about  1/100  lower  than  that  of 
PAr,  although  the  birefrigences  of  block  polymers  containing  P 
30%PS  were  not  low(fig.3).  Therefore  from  40%  to  60%  PS- 
composition  would  be  required  for  optical  applications. 

As  differences  between  stress  relaxation  times  of  PS  and 
PAr  have  a  great  influence  on  the  birefrigences  (6).  the 
relationship  between  micro  phase  structures  and  birefrigences 
of  PS-b-PAr  has  been  studied  now. 

4) Melt  viscosity  of  PS-b-PAr 

The  melt  viscosities  of  PS-b-PAr  decreased  as  PS- 
composition  increased(fig.4).  When  PS-composition  was  50%, 
the  melt  viscosity  of  PS-b-PAr  became  about  1/1000  lower 
than  that  of  PAr.  Although  in  the  case  of  PAr  the  injection 
temperature  must  be  higher  than  600K  because  of  its  high 
viscosity,  to  get  transparent  moldings  was  difficult  owing  to 
their  heat  decompositions.  As  viscosity  of  PS-b-PAr.  whose 
PS-cpmposifion  was  50%,  was  low  enough  even  at  51 3K. 
they  could  be  injection  molded  at  51 3K,  and  transparent 
moldings  would  be  easily  obtained. 

4.Summary 

New  synthesis  methods  of  transparent  PS-b-PAr  using 
functional  macromers  of  PS  were  proposed  at  the  room 
temperature  and  the  ordinal  pressure;  reactive  ratios  of  PS 
were  higher  than  85%. 

The  birefrigences  of  50%  drawn  films  of  PS-b-PAr  and  melt 
viscosities  of  PS-b-PAr  were  measured;  the  birefrigences  of 
PS-b-PAr  were  about  1/100  less  than  that  of  PAr.  when  PS- 
composition  were  from  40  to  50%.  The  melt  viscosities  of  PS-b- 
PAr  decreased  as  PS-composition  increased.  When  PS- 
composition  was  50%  .  it  was  about  1/1000  lower  than  that  of 
PAr. 

Because  of  their  low  birefrigences  and  melt  viscosities  PS-b- 
PAr  would  be  suitable  material;  lor  optical  applications. 
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Conc.nlr.tio.  of  ACVA(*)  Conc.ntr.lioo  of  AHMPN(%) 


Fig.1  Relationship  between  Concentration  of  ACVA  (AHMPN) 
and  Mn  and  Mw  of  PS-COOH(PS-OH). 

Mw>veight  avfage  ntoleculaf  weught. 


Fig. 2  NMR  measurement  of  PS-b-PAr 

•  was  attributable  to  PS,  O  to  PAr 
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Fig, 4  Relationship  between  PS-Composition 


Fig. 3  Relationship  between  Drawing 
Ratio  and  Biretrigences  ol  PAr 
and  PS-b-PAr. 

The  number  is  PS-Composition. 


and  Melt  Viscosities  of  PS-b-PAr(Mw« 
100000).  Tempera!ure;513K.  Shear 
Shear  Rato;  5(/sec).  Melt  viscosities 
were  estimated  by  the  followeing 
formula. 
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Introduction.  Our  current  interest  in  understanding  the 
structure-property  relationships  in  conjugated  polymers  as  electronic, 
optical,  and  nonlinear  optical  materials  has  led  us  to  a  systematic 
investigation  of  the  structure— relationships  in  different  classes  of 
polymers  [1].  Polyamlines  represent  a  versatile  family  of  polymers 
with  interesting  electronic,  linear  optical,  and  electrochemical 
properties  which  can  be  vari^  by  addition  or  removal  of  electrons  or 
protons  on  the  polymer  backbone  and  through  derivatization  of  the 
p-phenylene  rings  [2—3]. 

In  order  to  study  the  structure— x*  relationships  in 

polyanilines  I,  the  oxidation  state  1— y,  can  be  varied  from  the  fully 
reduced  (1— y=0)  polylencoemeraldine  base  to  the  fully  oxidized 
(1— y=l)  polypemigrai^ne  base.  Also,  the  p— phenylene  rings  that 
alternate  with  the  nitrogens  in  the  polymer  backbone  can  be 
derivatized  with  different  substituents  (Ri,  Rj)  as  in  la  —  le. 
Furthermore,  the  measured  of  If*®  polyamlines  can  also  be 

compared  to  or  contrasted  with  the  known  nonbnear  optical 
properties  of  other  p-phenylene  ring  polymers  such  as 
poly(p-phenylene  vinylene)  [4]  and  those  of  other  quinoid  ring 
polymers  [5]. 

In  this  paper,  we  report  our  picosecond  third  harmonic 
generation  investigation  of  the  wavelength  dependent  of  spin 
coated  thin  films  of  polvaniUne  and  its  derivatives,  la  -  Id,  in  their 
emeraldine  base  forms  (l-ysO.5).  We  will  focus  our  discussion  here 
mainly  on  polyemer^dine  base  (PEMB,  la)  and  poly(o-toluidine) 
base  (POTB,  ft).  The  complete  results  for  the  other  derivatives  vrill 
^  presented. 


la 

Ri  =  R2=  H 

( PEMB  ) 

Ib 

R,  =  CH3,  R2  =  H 

(POTB ) 

Ic 

R,  =  OCH3,  Rj  =  H 

( PMAB ) 

Id 

R,  =S03H  ,  R2=  H 

(  PSAB  ) 

le 

R,  =  R^  =  OCH3 

(  PDMAB  ) 

F.rperimental.  Polyemeraldine  salt  (hydrochloride)  (PEMS) 
was  prepared  by  the  chemical  oxidation  of  aniline  with  ammonium 
persulfate  in  IM  HCl  in  air  using  the  Uterature  method  [6]  md  was 
subsequently  converted  to  the  emeraldine  base  form  (PEMB)  by 
stirring  it  in  O.IM  NHiOH  solution.  Using  a  similar  approach, 
poly(o-toluidine)  [7],  poly(2-methoxyaniline),  and 

poly(2,5— dimethoxy  anibne)  were  prepared  by  chemical  oxidation  of 
o— toluidine,  2— methoxyaniline,  and  2,5-dimethoxyaniline, 

respectively. 


The  intrinsic  viscosity  of  PEMB  and  POTB  in  metbanesulfonic 
add  at  40' C  was  1.63  and  0.72  dL/g,  respectively,  which  are  typical 
of  high  molecular  weight  polyanibnes  [8].  The  oxidation  state,  1-y, 
can  be  estimated  from  the  relative  intensities  of  the  infrared 
absorption  bands  at  ~1600  cm"'  (quinoid)  and  ~1500  cm‘‘  (benzenoicD 
[9],  Using  this  approach,  we  have  estimated  the  1-y  in  the  PEMB 
and  POTB  thin  films  to  be  ~0.44  and  ~0.42,  respectivdy. 

The  thin  films  for  the  third  harmonic  generation  (THG) 
experiments  were  prepared  by  spin— coating  of 

N-Methyl— 1— pyrrobdone  (NMP)  solutions  of  the  polymers  onto 
opticaUy  flat  fused  sibca  substrates  (5  cm  in  diameter).  The  thickness 
of  the  PEMB  and  POTB  films  was  typically  27  nm  and  58  nm, 
respectivdy.  The  dectronic  absorption  spectra  of  thin  films  of  PEMB 
and  POTB  are  shown  in  Figure  1.  The  dectronic  spectra  indicate  a 
blue  shift  of  the  spectrum  of  POTB  rdative  to  that  of  PEMB  in 
accord  with  previous  observations  [10,11].  On  the  other  hand, 
2-methoxy  substitution  on  the  p— phenylene  rings  causes  the 
dectronic  sp^trum  (not  shown)  to  r^  shift  rdative  to  2— methyl 
substitution  in  POTB  as  expected  because  o;  the  stronger  electron 
rdeasing  effect  of  OCHj  than  CH3. 

The  THG  er^riments  were  performed  by  using  a  picosecond 
laser  system  which  is  continuously  tunable  in  the  range  0.6  -  4.0  /rm 
[12].  The  detailed  THG  proc^ure  for  the  measurement  of  the 
third-order  optical  susceptibibty  x<  >•  (—Zu-,u,u,u)  with  this  laser 
system  has  also  been  described  in  detail  elsewhere  [la-ld].  The  THG 
experiments  were  performed  at  a  fundamental  wavdength  of 
0.^2.4pm.  The  reported  x'  *’  values  are  average  values,  corrected 
for  absorption  at  the  third  harmonic  wavdength,  and  obtained 
rdative  to  the  x*  for  fused  silica  (2.8xl0'‘<  esu  at  1.9/im)  [13].  The 
error  for  the  reported  x*  ”  values  is  ±20%  and  is  due  mostly  to  the 
error  in  film  thickness  measurement.  The  repeatabibty  of  individual 
results  for  each  material  is  ±5%. 


WAVELENGTH,  X  (nm) 


Figure  1  Electronic  absorption  spectra  of  thin  films  of  PEMB  and 
POTB. 


Results  and  Discussion.  Figure  2  shows  the  wavdength 
dispersion  of  the  x’”(“^‘v;w,a/,w)  of  PEMB  and  POTB  thin  films  in 
the  wavdength  range  0.9— 2.4^.  From  the  x*  ”  spectra,  we  see  that 
the  cubic  optical  nonbnearity  of  these  polyanibnes  is  large  and 
compare  favorably  with  the  reported  x*  ’’  of  some  conjugated 
polymers  [4].  The  observed  resonance  feature  in  the  x'  ”  spectra  of 
Figure  2  are  attributed  to  multiphoton  processes  since  the  dectronic 
absorption  spectra  of  the  polymers  in  Figure  1  did  not  exhibit  any 
absorption  features  in  the  0.9— 3.0pm  region.  The  resonance  peak 
position  in  the  x'  ”  spectra  of  PEMB  and  POTB  at  ~1.8pm  suggests 
that  the  peak  is  due  to  three-photon  resonance. 
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iguie  2  The  x*  ’’  (— spectra  of  PEMB  and  POTB. 


It  Is  'nt'jresting  to  note  from  the  x*  spectra  of  the  polymers 
Figure  2  that  the  magnitude  of  the  x’  ”  POTB  is  smaller  than 
At  of  PEMB  in  the  wavelength  range  0.9-2.4/mi.  Near  the 
lee— photon  resonance  peaks,  the  x*  of  PEMB  is  a  factor  of  2 
rger  than  that  of  POTB.  The  origin  of  this  difference  in  the 
agnitude  of  the  third-order  optical  susceptibility  of  PEMB  and 
0TB  can  be  traced  to  the  observed  difference  in  the  electronic 

ectra  of  the  polymers  in  Figure  1.  The  electronic  absorption 
ectrum  of  POTB  is  blue  shifted  from  that  of  PEMB  due  to  a 
aease  in  the  electron  delocalization  arising  from  the  increase  in 
(sional  angle  between  the  adjacent  p-phen^^ene  rings  (7].  Such  a 
aease  in  the  electronic  delocalization  can  be  expected  to  adversely 
ect  the  x‘*’  «ts  observed  in  going  from  PEMB  to  POTB.  The 
served  reduction  of  x*  ”  2— methyl  substitution  on  the 

enylene  ting,  of  the  parent  polyemeraldine  base,  at  the  same  level  of 
idation,  suggests  that  derivation  is  important  in  understanding  the 
Ticture— x‘  relationships  in  polyanilines.  The  effects  of  other  ring 
bstituents  on  the  x'  ”  of  the  polyanilines  which  are  currently  under 
restigation  will  be  presented. 

The  effect  of  the  oxidation  state  1-y,  on  the  x'”  of 
lyaniline  appears  to  be  large  although  it  is  yet  to  be  fully 
vestigated.  The  fully  reduced  base  (1— y=0)  is  expected  to  have  a 
rail  X*  *’  because  the  spMiybridizM  nitrogen  prevents  electron 
localization.  Thus,  the  bond  additivity  model  is  exited  to  work 
dl,  and  the  x‘  ”  is  expected  to  be  close  to  any  substituted  benzene 
cause  the  second  hyperpolarizabiUty  would  be  dominated  by  the 
nzene  ring.  So,  even  though  the  polyleucoemeraldine  base  has  not 
t  been  measured  due  to  its  ready  oxidation  in  air,  its  x'*’  can  be 
'.imated  to  be  about  that  of  aniline,  which  as  a  x**’=l'7xl0'‘^  esu 
=5.7xl0'ss  esu)  [14].  This  apparent  two  orders  of  magnitude 
Tease  in  x'  ”  in  going  from  zero  to  intermediate  oxidation  state 
-3r»0.44)  is  understandable  considering  the  increase  in  electronic 
localization  and  the  greater  polarizability  of  the  quinoid  rings  in 
0MB  compared  to  the  all— benzenoid  tings  in  polyleucoemeraldine 
se.  In  fact,  similar  effects  of  oxidation  on  the  x*  ”  of  polythiophene 
ithylene  and  polythiophene  methine  system  have  been  observed  [5]. 
nee  it  can  be  expect^  that  further  oxidation  of  polysmiline  to  the 
ly  oxidized  (1— y=l)  polypernigraniline  might  result  in  enhanced 
>1 


Conclusions.  We  have  investigated  the  third-order  nonlinear 
optical  properties  of  polyanilines  and  derivatives  by  picosecond  third 
harmonic  genaation  in  the  wavelength  range  0,9-2.4/im  in  an  effort 
to  estabUsh  the  structure— x*  ’’  relationships  for  this  class  of 
polymers.  Our  results  show  that  the  optical  nonlinearities  of  the 
polyanilines  are  large  and  compare  favorably  with  other  conjugated 
polymers.  For  example,  the  three— photon  enhanced  x‘  ’’  of  PEMB 
and  POTB  at  1.83/jin  was  found  to  be  3.73x10"“  and  1.8x10  “  esu, 
respectively.  The  results  suggest  a  strong  dependence  of  the  optical 
no^nearities  on  both  the  oxidation  state  and  the  derivation  of  the 
p— phenylene  rings  of  polyanilines. 
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1.  Introduction 

Until  now  it  has  been  well  established  that  structures  which  incorporate  an 
electron  rich  donor  group  and  an  electron  deficient  acceptor  group, 
interconnected  by  a  conjugated  tr-system,  in  general  give  rise  to  large 
molecular  second  order  effects  (e.g.  4-nitroaniline  has  a  prototype  molecular 
structure  ( 1  ]).  The  contribution  (0^ )  of  the  important  low  lying  charge  trans¬ 
fer  state  (resulnng  in  a  large  change  in  dipole  moment  upon  excitation  to  the 
first  excited  state  as  well  as  in  a  high  oscillator  strength  for  the  corresponding 
electronic  transition  [2])  to  the  molecular  hyperpolarizability  is  descibed 
using  a  simple  two  level  model  (eqn  1),  where  it  has  been  assumed  that  Pgg 
and  Apgg  have  the  same  direction  (one  dimensional  model): 


47r  .2 

Pet  =  - r  1*^6'  I 

(hwo)'^ 


tOo 


[  <jSq  -  4(C*  ]  [  -  U3-  ] 


(1) 


It  can  be  shown  that  very  efficient  molecules  are  those  with  a  large  transition 
dipole  moment  (p  ^  and  a  large  difference  between  ground  and  excited  state 
dipole  moments  (AUgg)-  The  faaor  between  square  brackets  is  the  so  called 
dipersion  factor,  where  Wq  is  the  absorption  angular  velocity  and  to  the 
excitation  angular  velocity. 

We  now  report  the  results  of  a  study  on  the  nonlinear  optical  properties  of 
bichromophork  molecules  1  and  2  (see  Fig.  1 )  [3].  These  molecules  consist  of 
a  phenyl  substituted  nitrogen  electron  donor  and  an  elecu-onegatively 
substituted  ethylene  acceptor  interconnected  by  a  saturated  hydrocarbon  unit 
which,  classically  speaking,  isolates  the  chromophores  from  each  other. 


2.  Experimental 

The  syntheses  and  photophysical  measurements  of  compounds  1  and  2  have 
been  described  elsewhere  (4,51.  Electric  field  induced  second  harmonic 
generation  on  polymethylmethacrylate  films,  containing  typically  1  %  wt  of 
the  compounds  under  study,  at  a  fundamental  wavelength  of  1064  nm  was 
measured  under  constant  corona-poling  (ca  1.2  MV/cm). 


Figure  1:  Structures  of  /  and  Z 


3.  Results  and  discu.s.sion 

To  check  the  validity  of  the  two  level  model  we  have  to  calculate  Pet  and  com¬ 


pare  the  outcome  with  (Ig^p. 

J.l  Determination  of^g^p 

Comparison  of  the  second-harmonic  intensities  measured  with  a  known 
sample  (quartz)  allowed  calculation  of  the  innerproduct  of  the  ground  state 
dipole  moment  Mg  and  the  molecular  hyperpolarizabilily  (MgPexp) 
knowledge  of  Pg  we  could  extract  as  compiled  in  Tame  1. 

Ground  state  dipole  moments  of  the  molatules  1  and  2  were  calulated  emplo¬ 
ying  the  SCF-MO  semi-empirical  AMI  method  as  described  in  ref.  |3J. 

3.2  Determination  of^gj 

From  absorption  and  X-ray  diffraction  measurements  Krijnen  et  al.  [4,  5| 
concluded  that  for  molecules  like  I  and  2  significant  electronic  interaction 
between  the  chromophores  occurs  via  the  intervening  o-bonds.  As  discussed 
earlier,  this  interaction  manifests  itself  in  the  long  wavelength  absorption 
(and  the  corresponding  emission)  of  these  compounds  (see  Fig.2),  which 
demonstrate  that  in  spite  of  the  lack  of  direct  rt-conjugative  interaction 
between  the  donor  and  acceptor  sites  a  low  lying  intramolecular  charge  trans¬ 
fer  state  is  available,  a  feature  generally  considered  to  be  essential  for  second 
order  nonlinear  optical  properties. 


Figure  2:  Electronic  absorption  ( - )  and  emission  ( - )  spectra  of  2  in  n  hesane. 

It  was  shown  by  Krijnen  et  al.  (4,51,  that  through  bond  interaction  is 
optimized  for  an  axial  orientation  of  the  phenyl  group  in  systems  like  1  and  2. 
Evidently  such  an  axial  orientation  is  more  highly  populated  in  the  tropane 
derivative  2,  where  the  additional  bridging  ethylidene  unit  sterically 
destabilizes  the  equatorial  orientation  of  the  phenyl  group,  than  in  1,  This 
difference  in  conformation  has  been  demonstrated  to  result  in  stronger  charge 
transfer  absorptio  i  of  the  tropane  derivative  and  now  also  may  be  inferred  to 
be  related  to  the  higher  P  value.  It  is  therefore  of  interest  to  investigate  the 
applicabihty  of  the  two  level  model  underlying  eqn  ( 1 )  for  estimating  the  CT 
contribution  to  the  molecular  hyperpolarizability  of  1  and  2. 

For  the  evaluation  of  Pet.  knowledge  of  the  change  in  dipole  moment  of  the 
molecules  between  their  electronic  ground  state  (p  g)  and  their  electronically 
excited  state  (Me)  required  and  also  the  transition  dipole  moment  Pgg- 

Caculation  of 

The  present  compounds  display  a  very  large  solvatochromism  of  their 
fluorescence  and  a  minor  solvatochromism  of  the  absorption.  This  is  typical 
for  charge  transfer  systems  with  a  small  dipole  moment  in  the  ground  state 
(Pg)  and  a  large  dipole  moment  in  the  emissive  excited  stale  (Pg).  It  has  been 
shown  (6,7)  that  treating  the  molecular  dipole  as  a  point  dipole  and  the  solvent 
as  a  continuous  dielectricum,  the  change  in  dipole  moment  between  ground 
and  excited  state  (Apgg  =  Pe'tig  m  Debye)  can  be  derived  from  the 
solvatochromic  shifts  of^e  absorption  and  emission  frequencies  (I’g  nssp.  I’p 
,  in  cm  * )  via; 

Ug-  Uf  =const  +  2  (f-f)  |(pg-Pg)^Aicp'^|  (2) 

In  eqn  (2)  f  and  f  are  parameters  related  to  the  solvent  static  dielcctnc  constant 
(£)  and  refractive  index  (n)  as  f  =  (£-1  )/(2£  + 1 )  and  f  =  (n^-l  )/(2n.-+ 1).  while  p 
(in  A)  represents  the  effective  radius  of  the  solvent  cavity  occupied  by  the 
molecule. 


156 


by  plotting  the  difference  of  the  fluorescence  and  absorption 
ncies  versus  the  solvent  parameters  (f-f )  a  linear  correlation  should  be 
From  the  slopes  of  these  correlations  can  then  be  calculated  if 

town.  The  results  compiled  in  Table  1  snow  that  upon  excitation  the 
iqouient  for  the  present  systems  increases  by  16.5±0.5  Debye  units. 


'  Ue<isurements 

•t  to  obtain  an  independent  check  of  the  viability  of  the  changes  in  dipo- 
nents  thus  obtained,  we  have  also  performed  some  preliminary  measu- 
is  with  the  time  resolved  conductivity  (TRMC)  technique  (8),  which  al- 
iiect  observation  of  the  formation  and  decay  of  (di)polar  species  in  non- 
r  solvents.  The  following  relationship  between  the  conductivity  and  the 
s  in  dipole  moment  exists; 


T,  2n^T 


F(iCT,)iV. 


(3) 


(3),  g  is  the  Boltzmann  constant;  e  is  the  relative  dielectric  constant  of 
Ivait;  p  ,  and  P.  are  respectively  the  dipole  moment  of  the  excited  state 
round  state  of  the  molecule;  N.  is  the  concentration  of  excited 
ules;  is  the  rotational  relaxation  time  of  the  dipole  and  co  is  the  radian 
wave  ftequency.  The  function  F  (wr^)  is  the  Debye  relaxation  term, 
ing  the  light  intensity  and  the  optical  characteristics  of  the  solution,  the 
itiation  of  ttie  S,  state  (fV. )  and  hence  the  parameter  (Pj^ -p  g^yr^  can  be 
nined. 

(1  be  seen  fiwm  Table  1  the  values  determined  from  the  CT  fluorescence 
with  the  solvent  polarity  show  excellent  agreement  with  the  results 
flie  TRMC  measurements. 

aiionofitgg 

sdllator  strength  (F)  of  the  charge  transfer  transition  (see  Table  1)  was 
ated  from  the  absorption  spectra  via  eqn.  (4): 


F=  4.310-^  e^ax 


(4) 


is  the  maximum  molar  absorption  coefficient  and  Avj/2  is  the 
Ml  (in  cm'* ),  which  then  can  be  relat^  to  the  transition  dipole  moment 
n(5); 


F  =  4-710»v^Hg^2  (5) 

''max  **  maximum  of  the  charge  transfer  absorption  band  (in  cm  ’  * ) 
is  the  transition  dipole  moment 

alculated  Pjj  values  are  compared  with  the  experimental  molecular 
polarizabilities  in  Table  1  is  seen  to  account  for  a  major  component 

rthus  substantiating  the  hypothesis  that  the  hyperpolarizability  of  the 
systems  is  mainly  governed  by  the  presence  of  the  through -bond 
ted  diarge  transfer  interaction.  We  have  shown  before  [4,9],  that  the  CT 
ion  of  systems  such  as  those  presented  here  derive  part  of  its  intensity 
XMpling  to  higher  (locally)  excited  states,  implying  that  a  simple  two 
model  cannot  be  expected  to  describe  quantitatively  the 
irolarizability  connected  to  this  transition. 

l:  Absorption  maximum  (cm~^  ),  molar  extinction  (tinLmol'^cm'^  j.half- 
(^*1/2  ^  cm'^)  and  oscillator  strength  F  of  the  intramolecular  charge  transfer 
^tion  of  I  and  2  fin  n~hexane  20°C),  AMI  calculated  ground  state  dipole  moment 
),  difference  in  ground  state  dipole  moment  and  first  excited  state  dipole  moment, 
txedfiom  both  absopnon  and  emmision  shifts  bp  (eqn  2)  and  TRMC  measure- 

(^onzesiej  bfi  gg  ^  and  finally  the  via  espt  (I }  calculated  CT  contribution  of  the 

tUar  kyperpoUmzebility  (in  lO'^^esu)  and  the  experimental  hyperpolarizebiliry 

tnlCT  esuf  determined from  the  electric  field  induced  second  harmontc  genera- 
teasurements  employing  AMI  calculated  ground  state  dipole  moments. 


W  «  Av,^  F  MgtAMl)  Per 

19.41  2970  2749  0.057  4.1 

18.09  6390  3119  0.115  3.4 


Pexp 


4.  Conclusions 

We  have  demonstrated  that  molecules  in  which  donor  and  acceptor  are 
connected  by  a  samraied  a-bond  system  (D-o-A)  can  exhibit  efficient  second 
harmonic  generation,  probably  as  a  result  of  through  bond  interaction.  It 
should  be  noted  that  a  similar  mechanism  has  been  proposed  earlier  to  explain 
SHG  by  the  mono  N-oxide  of  diazabicyclooctane  110],  for  which,  however, 
no  P  value  appeais  to  have  been  determined.  The  P  value  now  estimated  for  2 
is  comparable  to  D-n-A  molecules  such  as  p-nitroanihne.  In  the  context  of  a 
two-level  model,  it  is  evident  that  the  present  D-o-A  systems  derive  their 
remarkably  large  molecular  hyperpolarizability  mainly  from  a  high  value  of 
Apgg,  corresponding  to  complete  charge  separation  in  the  excited  state  as 
opposed  to  virtually  none  in  the  ground  state.  For  fully  conjugated  systems  of 
comparable  size  Apg^  is  expected  to  be  less,  due  to  significant  mixing  of  the 
charge-transfer  state  into  the  ground  state.  On  the  other  hand,  however,  the 
transition  dipole  moment,  Pgg,  for  a  n-conjugated  system  will  in  general  be 
larger,  implying  a  trade-off  between  Apgg  and  Pgg  as  a  function  of  the 
electronic  interaction  between  donor  and  acceptor  sites. 

At  the  moment  it  is  hard  to  say  what  degree  of  electronic  interaction  will 
establish  cptimum  conditions  for  achieving  high  molecular  hyperpolarizabi¬ 
lity  and  it  is  therefore  of  considerable  interest  to  investigate  systems  in  which 
the  interaction  is  systematically  varied  between  the  extremes  presented  by 
pure  7t -conjugation  and  mere  through-sigma-bond  interaction. 
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Introduction 

Organic  polymeric  materials  have  received  much  attention  tor  applications  in 
rxjnlinear  optical  devices.  Most  recent  work  has  focused  on  the  electro  optic 
applications  of  glassy  polymeric  materials  in  optical  waveguide  devices  whereas 
the  development  of  all  optical  waveguide  devices  has  suffered  from  the  lack  of 
highly  active  materials  which  can  be  easily  processed  (1-3).  There  have  been  a 
number  of  reports  in  the  literature  on  the  activity  o1  porphyrin  derivatives, 
namely  lelrabenzporphyrins,  phihalocyanines  and  naphthalocyanines,  that  show 
relatively  high  third  order  nonlinear  optical  responses.  These  molecules  are 
planar  it-conjugated  systems  that  have  sharp  absorption  bands  in  the  visible  and 
near  infrared  and  exhibit  excellent  thermal  and  chemical  stabilities.  Most  studies 
have  examined  these  dyes  in  solution  [4-6],  sublimed  thin  films  (7,81  or  in 
Langmuir  Blodgett  thin  films  (7.9]  Some  silicon  phihalocyanines  have  been 
made  into  siloxane  copolymers  that  show  high  third  order  susceptibilities  (10,11). 
It  would  be  desirable  to  develop  materials  containing  these  types  of  porphyrin 
derivatives  that  show  high  activity  as  well  as  processability  similar  to  those 
polymeric  materials  being  developed  tor  electro-optic  applications  Here  we 
present  the  chemistry  and  nonlinear  optical  properties  of  a  series  of  silicon 
phthalocyanine  methylmethacrylate  copolymers  prepared  by  the  modification  of 
the  central  silicon  atom. 


Results  and  Discussion 


Polymer  Chemistry.  The  synthesis  of  the  diacrylate  silicon  phthalocyanine 
monomer  (1)  follows  directly  from  dihydroxysilicon  phthalocyanine.  figure  1. 

Since  the  monomer  is  a  crosslinking  agent,  concentrations  above  15  percent  of 
the  phthalocyanine  monomer  by  weight  in  the  copolymer  showed  gel  formation 
or  gave  intractable  solids.  Copolymers  of  lower  concentrations  gave  materials  that 
were  easily  isolated.  Synthesis  of  the  monoacrylate  silicon  phthalocyanine 
monomer  requires  the  synthesis  first  of  the  symmetrically  substituted  silicon 
phthalocyanine  followed  by  the  hydrolysis  of  one  of  the  nonreaetive  groups  to 
give  the  hydroxy  silicon  phthalocyanine.  This  compound  c.tn  then  be  reacted  to 
give  the  unsymmetrically  substituted  monoacrylale,  figure  2.  Copolymerizaiions 
with  methylmethacrylate  were  earned  out  in  chlorobenzene  using  AIBN  as  the 
radical  initiator.  Concentrations  from  1  to  10  percent  by  weight  of  the  silicon 
phthalocyanine  monomer  have  so  far  been  made  for  both  the  rrxjno  arxt 
diacrylate  monomers.  Table  1  shows  typical  composition  and  molecular  weight 
data  obtained  for  these  types  of  copolymers.  The  glass  transition  temperatures 
are  slightly  higher  than  that  of  polymethylmethacrylate  (PMMA)  and  the  molecular 
weights  range  from  40,000  to  300,000 

These  copolymers  can  be  easily  formed  into  micron  thick  thin  films  by  spin  coating 
from  cyclohexanone  or  oxylene  and  can  be  compression  molded  into  millimeler 
thick  disks.  In  all  cases,  the  strong  Q  band  absorption  remains  very  similar  to  the 
absorptions  found  in  solution  for  the  monomers,  figure  3.  This  is  unlike  the  data 
seen  tor  guest/host  materials  ol  phthalocyanines  in  PMMA  which  show  limited 
solubiPty  of  the  dye  in  the  polymer  and  shifts  and  broadening  of  the  absorption 
bands.  These  copolymers  show  low  absorption  at  wavelengths  higher  than  800 
nm  and  can  give  thin  films  which  may  be  used  for  waveguide  devices  at  these 
wavelengths. 


Nonlinear  Optical  Characterization.  Degenerate  four  wave  mixing 
(DFWM)  in  the  conventional  phase-conjugate  geometry  was  used  to  perform  the 
measurements  on  thin  film  samples  ol  the  copolymers  spin-coated  onto  glass 
sPdes.  The  laser  pulses  used  lor  the  experiment  were  5-6  psec  long.  598  nm 
wavelength,  repetition  rate  of  10  Hz.  arid  maximum  individual  pulse  energies  at 
the  sample  on  the  order  of  1 0-20  pJ.  The  diagonal  component  ot  the  third  order 
nonlinear  susceptibility  is  measured  by  studying  the  intensity  dependence 
ol  the  phase  conjugate  signal  as  a  function  ol  input  laser  intensity.  One  expects 
that  the  signal  should  go  as  the  cube  ot  the  intensity  input  to  the  apparatus,  but 
this  will  only  hold  for  unsaturated  nonlinearities.  The  following  expression, 
appropriate  tor  thin  film  samples,  was  used  to  determine  X*^*: 


v(3) 

yO) 

X  R 


.S-e-a.sLs/2(,  _e-“sLs) 


where  ns  and  np  are  the  refractive  indices  ot  the  sample  and  the  reference  (100 
pm  of  cartxin  disulphide),  Ls  and  Lp  the  lengths  of  the  sample  and  reference, 
respectively;  as  the  absorption  coefficient  ol  the  sample,  and  Cs  and  Cp  the 
sample  and  reference  DFWM  signals  lor  low  pump  intensities.  The  ratio  CsiCp 
was  averaged  lor  low  pump  intensities  and  the  error  in  this  procedure  is  estimated 
to  give  an  uncertainty  in  z,®,  ol  1 0%. 

In  the  present  case  ns  =  1 .44  (anomalous  dispersion),  np  =  1  6246,  Lp  =  100  pm, 
Ls  =■  2  pm.  asLs  =  2  02.  and  Cs/Cp  =  20  2.  Using  the  literature  value  tor  ol 
CS2  at  532  nm  (*  6.8  x  lO  '-^esu),  we  find  thatx,„,  for  the  SiPc/MMA  10:90 
bisacrylale  copolymer  is  7.7  x  i0  '°  esu,  however  we  stress  that  this  is  only 
accurate  for  fxjmp  intensities  such  that  the  nonlinearity  is  unsaturated;  at  higher 
intensities  the  measured  diminishes,  approaching  10  '®  esu  Figure  4B 
illustrates  that  while  the  phase  conjugate  signal  of  CS2  increases  with  power 
following  a  monolonic  polynomial,  that  of  the  copolymer  begins  to  saturate  at  a 
fairly  low  intensity,  indicating  signilicant  excited  stale  population  ettects  at  this 
point.  At  low  intensities,  the  majority  of  the  response  of  the  silicon 
phthalocyanine  copolymer  can  primarily  be  attributed  to  utirafasi  electronic 
hypterpolarizabililies  and  fast  decay  from  excited  stales,  as  demonstrated  in 
Figure  4A  where  the  time  resolved  DFWM  response  of  the  copolymer  is 
compared  to  that  ol  CS2.  The  origin  of  the  residual  response  is  being 
investigated  and  could  result  from  either  one-  or  two-photon  absorption  effects 

Experimental 

Methods  ol  Analysis.  Instrumentation:  NMR  spectra  were  obtained  on 
either  a  Varian  XL200  spectrometer,  and  chemical  shifts  were  reported  in  ppm 
downlield  relative  to  tetramelhylsilane.  All  NMR  samples  were  solutioned  in 
CDCI3  unless  noted  otherwise  Polymer  rTX5lecular  weights  were  determined  on  a 
Waters  201  GPC  equipped  with  a  Waters  410  Rl  and  a  Viscolek  Model  100 
ditlerential  viscosity  detector,  and  the  mobile  phase  was  tetrahydroluran. 
Molecular  weights  were  calculated  from  a  Universal  calibration  cunre.  Thermal 
analysis  was  done  using  a  DuPont  9900-910  Thermal  Analyzer.  Melting  points 
were  obtained  on  a  Melt-Temp  II  capillary  melting  point  apparatus  and  are 
uncorrecled. 

Bls(3-methacryloxypropyldlmethylslloxy)  silicon  phthalocyanine 
(1).  A  mixture  ol  dihydroxysilicon  phthalocyanine  (2  10  g)  [12],  3-melhacryloxy- 
propykJimelhylchlorosilane  (3.09  g)  and  distilled  dried  pyridine  (75  mL)  was  slined 
at  50°  C  lor  48  hours.  The  chlorosilane  was  distilled  under  vacuum  prior  to  use. 
The  mixtu.'e  v.cs  filtered  and  thj  littrate  was  diluted  with  a  1  ;1  ethanoltwater 
sokilion  (100  mL).  The  solid  was  isolated,  washed  with  methanol  (50  mL). 
vacuum  dried  (rt,  12  hr)  and  weighed  (2.96  g.  86%);  MP  170-172°  C;  IR  (Nujol) 
1714  (s.  C=0),  1336  (S),  1250  (m,  SiCHs),  1158  (s),  1123  (S).  1081  (s),  1044  (s, 
Si-OSi),  736  (S);  ’H  NMR  8  9  65  (m.  Pc-H),  8  34  (m,  Pc-H),  5.75  (s,  C=CH),  5.41 
(s.  C=CH),  2.73  (I,  rCH2),  1.73  (S.  CH3).  -0.95  (m,  p-CHa),  -2.23  (m,  a-CHa), 

-2.84  (s.SiCHa). 

Bls(frl-n-hexylslloxy)  silicon  phthalocyanine  (2).  A  mixture  of  tri-n- 
hexylsilanol  (14  9  g),  sodium  melhoxide  (2.67  g)  and  absolute  elharol  (50  mL) 
was  reduced  to  an  oil  urxler  vacuum  This  oil  was  added  to  a  mixture  ot 
dichlorosilicon  phthalocyanine  (15  10  g)  and  distilled  dried  1 ,2,4-lrimelhyF 
benzene  (70  mL).  The  resulting  suspension  was  refluxed  for  1  hr  and  was  filtered 
hot  (Whatman  #54).  The  filtrate  was  allowed  to  cool  (12  hr)  and  was  diluted  with 
methanol  (350  mL).  The  solid  was  isolated  by  fillralion,  washed  with  methanol 
(100  mL),  vacuum  dried  (room  temp.,  12  hr)  and  weighed  (22.06  g.  79%):  MP 
175°  C  (Lit  [12]  175°  C);  IR  (Nujol)  1525  (s).  1325  (s),  1125(s),  1080  (s),  1038  (s, 
Si-O-Si),  725  (S). 

Hydroxy(lrl-n-hexylslloxy)  silicon  phthalocyanine  (3).  This  procedure 
is  a  modilication  ol  a  procedure  described  by  Batzel  (13|  A  mixture  ot  (2)  (15.05 
g),  trichloroacetic  acid  (6.27  g)  and  distilled  dried  toluene  (120  mL)  was  refluxed 
lor  1  hr.  The  resulting  solution  was  concentrated  under  vacuum  and  was  then 
added  to  a  mixture  ol  5:1  pyridine/water  (60  mL)  and  was  stirred  tor  2  hr  at  62°  C. 
The  suspension  formed  was  concentrated  under  vacuum  and  diluted  with 
methanol  (100  mL).  The  solid  was  isolated  by  fillralion,  washed  with  methanol 
(100  mL),  dried  under  vacuum  (room  temp  ,  12  hr)  and  weighed  (9  45  g.  84%):  IR 
(Nujol)  3500  (w.  OH),  1340  (s),  1125  (s).  1037  (m.  Si  O-Si),  740  (s) 

(3-methacryloxypropyldlmethylslloxy)(lrl-n-hexvislloxy)  silicon 
'  Mhalocyanine  (4).  A  mixture  ol  (3)  (4  43  g).  3  melhacryloxypropydimelhyl- 
chlorosilane  (3  43  g).  Iri-n-bulylamme  (2  88  g)  and  distilled  dried  toluene  (100 
mL)  was  stirred  at  room  temperature  lor  48  hr  The  solution  was  concentrated 
under  vacuum  and  was  diluted  with  meihanol  The  solid  was  isolated  by  filtration, 
dried  under  vacuum  (rt,  12  hr)  and  weighed  (4  30  g,  80°4)  MP  120”  C,  IR  (Nujol) 
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NaOS(C,H,^j 
1 .2.4  lrimeiri^lDen2e'i« 


1714  (S,  C-O).  1336  (S).  1250  (m,  SiCHa),  1158  (S).  1123  (S).  1081  (S).  1044  (S, 
S-O-S).  736  (S):  'H  NMR  8  9.66  (m.  Pc-H),  8.34  (m,  Pc-H),  5.75  (s,  C=CH2),  5  41 
S,  C-CHz),  2.74  (I,  7-CH2,  C3  chain),  1.74  (s,  CH3),  0.79  (m,  t-CHa),  0.67  (I, 

0.36  (m.  5-CH2),  -0.02  (m,  7-01-12,  C6  Chain),  -0.99  (m,  P-CH2,  C3  chain). 
1.27  (m,  P-CH2.  C6  Chain),  -2.27  (m,  a-CH2,  C3  chain),  -2.43  (m,  a-CH2.  C6 
^n),  -2.84  (s.  SiCHa). 

Copolymer  Synthesis,  General  Methods.  A  general  method  was  used  for 
^polymerization  of  the  silicon  phthalocyanine  monomers  with  methyl- 
nethacrytate.  The  silicon  phthalocyanine  monomer,  methylmethacrylate  and  dry 
fstilled  chlorobenzene  were  purged  with  argon  for  two  hours  while  being 
rested.  AIBN  as  3  to  5  mole  percent  was  added  and  the  reaction  was  heated  for 
18  to  72  hr  under  an  inert  atmosphere.  Predpilation  of  the  product  was  done  in 
nethanol  and  the  solid  was  isolated  by  filtration,  dried  (vacuum,  50°  C.  12  hr)  and 
weighed.  The  yields  were  generally  greater  than  70%  based  on  the  silicon 
rhthalocyanine  monomer. 
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Table  1 


Monomer 

Reaction 
Temp  (°C) 

Comp.f 

Comp. 7 
(NMR) 

Tg 

(»c; 

Molecular 

Weight 

bisacrylate 

70 

10:90 

10.9:89,1 

130 

307,000 

bisact^te 

70 

5:95 

5.5:94.5 

112 

192,000 

bisacr^e 

70 

1:95 

1.4:98.6 

121 

41,000 

monoacrvlate 

70 

10:90 

9:91 

117 

99,000 

iComposiSon  of  monomers  in  reaction  as  weight  penrenL  twr  Pcwt  MMA) 

^Composilian  of  copolymer  as  analyzed  by  integration  of  NMR  as  weight  percent,  twt  Pcwt  MMA) 


N  N 


1)  toloorte 

OjCCOOH 

2)  pyndirte 


Figure  2.  Synthesis  ol  (3-melhacrytoxypiopyldimelhylsiloxy)(tri-rv 
hexylsiloxy)  silicon  phlhakxyanine. 


Figure  3.  UV-Vis-NIR  specira  ol  a  0.36  pm  thin  film  of  a  10%  by  weight 
silicon  phihalocyanine/melhylmethaciylate  copolymer  on  glass 


Figure  4.  A)  Decay  ol  DFWM  signal  as  a  lunction  ol  backward  pump  delay 
(or  SiPc/MMA  1030  bisacrylate  copolymer.  B)  Power  dependence  of 
DFWM  signal  in  SiPc/MMA  10.30  bisacrylate  copolymer  and  100  pm 
carbon  disulphide 


Figure  1 .  Synthesis  ol  bis(3-methacryloxyprDpyldimethylsiloxy)  silicon 
phthalocyanine 
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formal  technical  paper  which  will  be  submitted  to  Langmuir 
for  publication. 


QUANTITATIVE  STUDY  OF  MOLECULAR  ORIENTATION  OF  HEMICYANINE 
LANGMUIR-BLODGETT  FILMS  BY  FOURIER  TRANSFORM  INFRARED 
SPECTROSCOPY  AND  SECOND  HARMONIC  GENERATION 

W-F.  A.  Su*,  T.  Kurata,  H.  Nobutoki  and  H.  Koezuka 

Mitsubishi  Electric  Corporation 
Materials  and  Electronic  Devices  Laboratory 
Japan  661 

*Westinghouse  Electric  Corporation 
Science  and  Technology  Center 
Pittsburgh,  Pennsylvania  15235 

INTRODUCTION.  The  Langmuir -Blodgett  (LB)  technique  has  the 
ability  to  organize  molecules  into  highly  ordered  monolayers 
and  to  manipulate  a  multilayer  film  toward  a  desired 
architecture.  By  this  technique  specific  physical  and 
chemical  properties  of  materials  can  be  easily  controlled, 
compared  with  other  techniques  such  as  vacuum  evaporation. 
The  LB  technique  has  the  potential  for  fabricating  next 
generation  novel  devices  operating  at  an  extremely  small 
scale  for  information  processing,  transmission  and  storage.^ 
The  structure  of  assembled  LB  films  needs  to  be 
quantitatively  evaluated  in  order  to  understand  the 
relationship  between  molecular  orientation  and  the 
characteristics  of  a  specific  device. 

Among  the  various  analytical  methods  applicable  to  thin 
organized  films,  such  as  LB  films,  FTIR  provides  the  most 
convenient  and  useful  way.  In  particular,  several  attempts 
have  been  made  to  apply  infrared  reflection  absorption  (RA) 
spectroscopy  to  molecular  orientation  analysis,^**  Chollet 
et  al,  had  quantitatively  analyzed  the  structure  of  thin 
films  by  comparing  peak  intensities  of  RA  spectra  with  those 
of  transmission  spectra.^  However,  they  had  assumed  that 
the  enhancement  factor  for  the  RA  spectra  on  a  metal  surface 
was  virtually  independent  of  wavenumber.  Recently  this 
analytical  method  has  been  further  improved  by  Takenaka  et 
al.^  They  calculated  infrared  intensities  and  enhancement 
factors  using  the  rather  rigorous  optical  formalism  for  the 
multilayer  films  developed  by  Hansen.^ 

The  detection  of  second  hairmonic  generation  (SHG)  gives 
another  powerful  tool  to  investigate  the  moUcular 
orientation  in  LB  films.  The  SHG  signals  can  be  observed 
even  from  a  single  monolayer  on  a  substrate,*  The 
amphiphilic  hemicyanine  dye  (Figure  1)  has  attracted  much 
attention  as  an  organic  nonlinear  material  because  of  its 
large  molecular  hyperpolarizability.  Girling  et  al.  had 
first  reported  that  hemicyanine  dye  LB  films  had  generated 
large  SHG.^'®  From  the  analysis  of  SHG  data,  the  tilt  angle 
of  the  hemicyanine  dye  chromophore  was  calculated,  although 
the  tilt  angle  of  the  long  alkyl  chain  could  not  be 
estimated. Many  studies  using  the  SHG  technique  have 
been  conducted  for  hemicyanine  dye  LB  films  to  determine  the 
molecular  configuration  as  described  above. On  the 
other  hand,  little  work  using  the  FTIR  method  has  been 
conducted  for  hemicyanine  dye  LB  films,  Stroeve  et  al.^* 
reported  the  molecular  orientation  of  hemicyanine  using 
FTIR.  Two  types  of  samples  were  studied:  Z-type  multilayer 
hemicyanine  LB  films  and  alternate  layers  of  hemicyanine  and 
arachidic  acid  LB  films.  By  comparing  the  peak  intensities 
of  transmission  spectra  with  those  of  RA  spectra 
qualitatively,  they  concluded  that  the  orientation  of 
hemicyanine  was  closer  to  normal  when  it  was  interleaved 
with  arachidic  acid. 

In  this  paper,  we  report  the  quantitative  evaluation  of 
the  molecular  orientation  of  hemicyanine  LB  films  by  FTIR 
spectroscopy  for  the  alkyl  chain  and  the  chromophore 
individually.  We  also  show  that  a  SHG  Maker  fringe  method 
is  very  useful  in  the  investigation  of  molecular 
orientation. 

BXPBRIHBNTAL .  A  Kyowa  Kaimen  Kagaku  Model  HBM-AP  Langmuir 
trough  was  employed  for  hemicyanine  LB  film  fabrication. 

The  water  subphase  contained  CaCl^  and  NaHCO^  (pH=6.0)  and 
was  maintained  at  20*C.  All  the  infrared  spectra  were 
measured  by  JOEL  JIR-100  FTIR  spectrometer  equipped  with  a 
MCT  detector.  A  Q-switched  Nd:  YAG  laser  (Quantel  YG-571, 
1.06  /fm,  10  Hz  repetition,  FWHM  lOnsec)  was  utilized  for  SHG 
Maker  fringe  measurements  (Figure  2) .  More  detailed 
experimental  descriptions  are  going  to  be  presented  in  a 


RESULTS  AND  DISCUSSION.  The  results  of  the  FTIR  and  SHG  arc 
discussed  separately  as  follows. 

FTIR  Measurement.  In  the  transmission  spectra  of  FTIR,  the 
^ectric  field  vector  is  parallel  to  the  film  surface,  so 
the  infrared  radiation  only  probes  the  vibrations  having 
components  of  their  transition  moments  in  the  plane  of  the 
film.  On  the  other  hand,  the  electric  field  vector 
perpendicular  to  the  sample  surface  is  enhanced  in  the  RA 
spectroscopy,  so  that  the  infrared  radiation  selectively 
probes  those  vibrations  that  have  components  of  their 
transition  moments  normal  to  the  film.  Therefore,  the 
functional  group  orientation  of  the  film  molecule  can  be 
evaluated  by  comparing  the  transmission  spectra  to  the  RA 
spectra. **^**^* 

A  series  of  nonpolarized  and  polarized  infrared 
transmission  spectra  of  LB  films  was  measured.  Those 
spectra  had  tne  same  peak  height  which  was  independent  of 
infrared  beam  polarizations,  so  the  distribution  of 
hemicyanine  molecules  is  in-plane  isotropic.  Figure  3  shows 
polarized  infrared  transmission  and  RA  spectra  of  a 
multilayer  film  consisting  of  five  hemicyanine  monolayers. 
The  absorption  bands  assignments  are  suounarized  in  Table  I. 
In  the  transmission  spectrum,  both  the  symmetric  CHj 
stretching  band  (2850  cm~^)  and  the  antisymmetric  CH2 
stretching  band  (2918  cm~^)  are  stronger  than  those  in  the 
RA  spectrum.  The  transition  moments  of  the  antisymmetric 
and  the  symmetric  CHj  stretching  bands  are  perpendicular  to 
the  long  alkyl  chain  axis,  so  the  alkyl  chain  axis  is 
considered  to  be  approximately  aligned  along  the  surface 
normal.  This  conclusion  is  further  supported  by  the  fact 
that  the  symmetric  CH3  stretching  band  (2871  cm'^)  was 
observed  only  in  the  RA  spectrum.  The  splitting  for  the  CH, 
scissoring  band  can  be  used  as  a  criterion  in  distinguishing 
the  lateral  packing  of  the  alkyl  chains.^*  In  our  case  the 
CH)  scissoring  band  of  the  hemicyanine  LB  film  appears  as  a 
singlet  at  1470  cm“^  in  the  transmission  spectrum.  Thus, 
the  alkyl  chains  of  the  hemicyanine  dye  LB  film  are 
considered  to  be  in  a  hexagonal  subcell  packing  where  each 
chain  freely  rotates  around  its  alkyl  long  axis.^*  This 
conclusion  means  that  the  alkyl  chain  is  in-plane  isotropic. 

In  the  case  of  the  in-plane  aromatic  ring  (0=C) 
stretching  band,  the  absorption  was  shown  to  be  much 
stronger  in  the  RA  spectrum  than  in  the  transmission 
spectrum,  indicating  that  this  transition  moment  is  directed 
away  from  the  substrate  normal.  The  evaluation  of  the 
hemicyanine  chromophore  orientation  requires  the  knowledge 
of  the  relationship  between  the  transition  moment  direction 
and  the  chromophore  molecular  axis.  This  consideration  will 
be  discussed  later. 

Because  the  molecular  orientation  of  the  hemicyanine  LB 
film  is  considered  to  be  uniaxially  distributed  around  the 
surface  normal,  the  quantitative  evaluation  of  each 
functional  group  orientation  of  the  hemicyanine  in  the  LB 
films  can  be  conducted  according  to  Takenaka  et  al.*'^* 

They  suggested  that  the  orientation  of  the  transition  moment 
of  the  specific  vibration  could  be  evaluated  by  equation 
(1),  assuming  the  uniaxial  distribution  of  the  transition 
moment  around  the  surface  normal  z  with  the  angle 


^R 


2  2 
2m  cos  #  ffl  sin  # 

z  ^  X  ^ 


(1) 


The  film  surface  is  the  xy-plane,  and  infrared  beam 
incidence  in  the  RA  measurements  is  in  the  xz-plane.  A^  and 
Aj  are  the  absorbances  of  the  specific  band  in  the 
transmission  and  RA  spectra,  respectively.  The  m^  and 
are  the  enhancement  factors  along  the  z  and  x  axes  of  the  RA 
intensity  to  the  transmission  intensity.  The  values  of  m, 
and  m,^  can  be  estimated  by  comparing  the  calculated 
absorbances  of  transmission  and  RA  spectra  using  Hansen's 
formulas.*  Those  values,  whose  calculation  procedure  was 
described  in  Ref.  4,  depend  on  the  complex  refractive 
indices  of  the  film  and  the  substrate,  the  thickness  of  the 
film,  the  infrared  light  incident  angle  in  the  RA 
measurements  and  the  infrared  wavelength.  Our  LB  film 


jgiplgs  can  be  regarded  as  a  3-phase  plane-bounded  system 
hoth  bhe  transmission  and  the  RA  measurements.  For  the 
transmission  measurement  where  the  incident  angle  is  zero, 

system  is  air/LB  film/CaFj.  The  known  values, 
u  (air)=1.0  and  nj(CaFj)=l .415,  were  used  as  refractive 
indices  for  the  first  phase  and  the  third  phase, 
respectively.  For  the  RA  measurements,  the  system  is  air/LB 
film/silver;  nj(Ag)=0. 62+25. li  was  used  as  the  complex 
refractive  index  of  the  third  phase,  a  silver  layer.*®  The 
incidenc  angle  for  our  RA  measurements  was  set  to  be  80* . 

The  refractive  index  of  the  second  phase,  a  5-monolayer  LB 
fils,  was  assumed  to  be  1.50,  the  same  as  that  of  stearic 
acid  ,  because  the  effect  of  the  hemicyanine  chromophore  on 
the  refractive  index  should  be  small  in  the  infrared  region, 
that  is  far  from  the  characteristic  absorption  band  of  the 
chromophore  in  the  visible  region.  The  observed  thickness 
of  LB  film  by  X-ray  diffraction  was  15.7nm.  Table  II  shows 
the  tilt  angles  of  each  transition  moment  determined  for 
three  specific  bands,  and  also  the  calculated  enhancement 
factor.  The  wavenumbers  of  the  absorption  bands  in  the  RA 
spectra  varied  slightly  from  the  corresponding  wavenumbers 
in  the  transmission  ones  due  to  anomalous  dispersion  in  the 
real  part  of  the  refractive  index  originating  from  each 
absorption.  However,  these  differences  were  not  very  large, 
lo  we  used  the  wavenumber  of  the  absorption  band  in  the 
transmission  spectra  to  calculate  tilt  angles. 

The  tilt  angles  of  the  transition  moments  of  the 
antisymmetric  and  symmetric  CHj  stretching  band  have  been 
:alculated  to  be  72*  and  75*,  respectively  using  equation 
{1) (Table  II).  We  called  them  a  and  p.  The  directions  of 
'.he  transition  moments  of  the  antisymmetric  and  the 
lymmetric  CH]  stretching  bands  and  the  long  alkyl  chain  axis 
yxt  perpendicular  to  each  other.  The  tilt  angle  of  the 
tlkyl  chain  axis  from  the  surface  normal,  7,  can  be 
.'Valuated  by  the  following  orthogonal  relationship  among  a, 

I  and  7: 

cos*  a  ♦  cos*  p  *  cos*  7=1  (2) 

ty  substituting  a  -  72*  and  p  =  75*  into  equation  (2) ,  the 
ilt  angle  of  the  alkyl  chain  axis  was  calculated  as  24* . 

The  tilt  angle  of  the  transition  moment  of  the  aromatic 
ing  was  calculated  to  be  43*  using  equation  (1) .  To 
onfirm  the  chromophore  tilt  angle  of  the  hemicyanine  dye, 
he  relationship  between  the  transition  moment  and  the 
hromophore  molecular  axis  should  be  made  clear,  as 
reviously  described.  Thus,  vibrational  analysis  has  been 
arried  out  for  a  model  molecule  (p-methyl  aniline).  The 
irection  of  the  transition  moment  of  the  aromatic  ring 
ibration  mode  of  the  model  molecule  was  determined  using  G- 
atrix.  The  UNDO  molecular  orbital  method  was  used  to 
ptimize  the  molecular  structure.*®  The  results  have  shown 
hat  vibrational  frequency  resulting  from  the  aromatic  ring 
=C  band  was  1659  cm"*,  which  is  close  to  the  measured  value 
1589  cm'*),  and  the  direction  of  its  transition  moment  lies 
ompletely  along  the  molecular  axis.  These  results  indicate 
hat  the  direction  of  the  aromatic  ring  transition  moment  of 
tmicyanine  is  in  an  agreement  with  the  direction  of  the 
emicyanine  chromophore  axis. 

From  the  estimated  tilt  angles  (Table  II) ,  the  molecular 
onfiguration  of  the  hemicyanine  LB  film  is  illustrated  in 
igure  4. 

8C  Ueasurement.  Figure  5  shows  the  typical  SHG  Uaker 
ringe  patterns  of  a  monolayer  deposited  on  both  sides  of  a 
lass  substrate.  The  appearance  of  the  fringe  pattern  is 
ttributed  to  the  interference  between  the  second  harmonic 
tdiation  derived  from  the  monolayers  on  both  sides  of  the 
lass  substrate.  For  all  the  SHG  measurements,  only  the  p- 
>larised  harmonic  radiation  was  observed  for  p-(F-P)  and  s- 
i-P)  polarization  of  the  fundamental  wave.  The  SHG 
■tensity  increased  with  the  incident  angle,  which  is 
■fined  as  the  angle  from  the  surface  normal.  In  addition, 
le  SHG  signals  were  independent  of  the  rotation  in  the 
■mple  plane.  This  result  is  consistent  with  the  fact  that 
le  absorption  band  intensities  in  the  FTIR  transmission 
>ectra  were  isotropic  in  the  sample  plane. 

These  observations  indicate  that  the  nonlinear  optical 
>larization  has  no  components  in  the  film  plane  and  is  in¬ 
ane  isotropic.  The  LB  films,  therefore,  have  only  two 
dependent  tensor  components  of  nonlinear  optical 
■efficient,  that  is,  d,|  and  d^  (=  d,,  =  dj^  =  du) 


according  to  Kleinman  symmetry.**’*®  The  effective  nonlinear 
optical  coefficient  is  expressed  by  the  product  of  nonlinear 
optical  coefficient  d  and  projection  factor  p(fl)  as  shown  in 
the  following  equations  (3)  and  (4) ,  for  P-P  and  S-P 
polarizations,  neglecting  the  local  field  factor: 

d  X  p(6)=dj,sin*6*3djiCos*S  sinff  (P-P  polarization)  (3) 

d  X  p(6)=d,i  sinS  (S-P  polarization)  (4) 

where  6  is  the  incident  angle  of  the  fundamental  wave. 

Coefficients  d,j  and  d,j  can  be  calculated  from  the 
above  equations  using  a  quartz  glass  as  a  reference.  In 
order  to  evaluate  the  chromophore  tilt  angle,  j(,  and  the 
molecular  hyperpolarizability  P,  a  simple  distribution  model 
was  applied.*®  The  model  carries  the  following  assumptions: 
(1)  the  molecule  has  one  main  component  of  p  and  the 
molecular  axis  is  consistent  with  the  direction  of  the  main 
component  of  p,  (2)  the  molecular  axis  is  inclined  at  an 
angle  f  to  the  surface  normal  with  random  azimuthal  angle. 
These  assumptions  are  rational  for  our  systems  which  have 
only  two  independent  nonlinear  optical  coefficients  and  are 
in-plane  isotropic.  In  this  model  the  nonlinear  optical 
coefficients  are  expressed  as  the  following  equations: 

‘^31^=2  J^zxx^=4  N/Jsin^l^cosF  (6) 

where  N  is  the  nuiober  of  molecular  density,  which  was 
calculated  from  the  monolayer  thickness  (31.31)  and  the 
monolayer  molecular  area  (33.  lA^).  Using  the  above 
equations,  the  estimated  molecular  hyperpolarieability ,  fi, 
is  63  X  10'**  esu  and  the  molecular  tilt  angle,  is  44*. 

The  estimated  p  value  is  of  the  same  order  as  the 
reported  value,  that  is  43*.®*^*  The  estimation  of 
molecular  hyperpolarizability,  p,  included  many  unreliable 
factors,  for  example:  the  local  field  factor  was  neglected 
in  this  case.  Thus,  it  is  difficult  to  compare  those  values 
obtained  in  other  experiments.  However,  the  tilt  angle 
value  is  reliable,  because  its  determination  does  not  depend 
on  the  local  field  factor.  The  determined  tilt  angle,  44*, 
is  consistent  with  the  tilt  angle  of  the  hemicyanine 
chromophore,  which  is  estimated  to  be  43*  from  FTIR 
measurements. 

CONCLUSION.  The  molecular  orientation  of  hemicyanine  LB 
films  was  studied  quantitatively  by  FTIR  spectroscopy.  The 
tilt  angles  of  the  alkyl  chain  and  of  the  chromophore  were 
found  to  be  24*  and  43*,  respectively.  The  SHG  Uaker  fringe 
measurement  is  very  sensitive  and  can  probe  the  molecular 
orientation  of  one  monolayer.  The  tilt  angle  of  molecular 
byperpolarizability ,  that  is,  the  chromophore  axis,  was 
estimated  to  be  44*  using  a  simple  distribution  model 
analysis.  The  SHG  result  supports  the  FTIR  evaluation.  By 
using  two  methods,  the  molecular  orientation  of  LB  film  can 
be  measured  with  precision  and  accuracy. 
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Table  I  Aeeignaente  of  FTXR  Main  Peake  of  Bealcyanine 
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ihterhal  electric  field  and  dye  orientation  in 
PVDF/PMMA  blend 

ii«nto  Tsutsuai,  Yoshiaki  Ueda  and  Tsuyoshi  Kiyotsukuri 
Departaent  of  Polymer  Science  &  Engineering 
Kyoto  Institute  of  Technology 
Hatsugasaki,  Sakyoku,  Kyoto  606.  JAPAN 

Introduction 

Hill  et  al.**  recently  demonstrated  that  the  internal 
electric  field  Ej  created  by  the  preferentially  oriented 
polar  crystals  of  the  copolymer  of  vinylidene  fluoride  and 
trifluoroethylene  (VDF-TrFE  copolymer)  can  orient  polar 
molecules  which  dissolve  in  the  amorphous  region  of  the 
copolymer.  Using  guest  molecules  which  have  non-linear 
optical  (NLO)  properties,  they  showed  that  such  poled  copol¬ 
ymer  films  exhibit  second  harmonic  generation  (SHG)  arising 
from  the  oriented  NLO  molecules.  Tsutsumi  et  al.^'  have 
also  studied  Ej  created  between  the  p-crystallite  dipoles  of 
the  VDF-TrFE  copolymer  using  the  electrochromic  peak  shift 
of  dye  dissolved  in  the  copolymer. 

Polyvinyl idene  fluoride  (PVDF)  and  polymethylmethacryl¬ 
ate  (PUMA)  blends  have  known  to  be  compatible  in  all  blend 
ratios.^'  Furthermore  there  are  a  few  reports  on  p-crystal- 
lite  formation  in  a  melt-quenched  PVDF/PMMA  blend  at  some 
blend  ratio.^l®' 

He  measured  Ej  created  between  the  6-crystallite  di¬ 
poles  of  B-PVDF  in  PVDF/PMMA  (80/20)  blend  with  the  same 
procedure  applied  to  the  VDF-TrFE  copolymer^^  and  estimated 
the  orientation  of  dyes  by  Ej  from  the  dichroic  ratio  of 
dye.  In  this  study,  we  report  the  effects  of  Ej  on  thermal 
asing  and  annealing  and  the  orientation  of  dye  by  Ej. 

Experimental 

PVDF  (Kureha,  KF-polymer.  M,  =  141,000,  M,  =  64,000) 
and  PMMA  (Mitsubishi  Rayon.  Acrypett-VHK,  M,  =  168,000,  Mj 
»96.400)  were  used.  4-Dim€thylamino-4'-nitrostilbene  (DANS) 
from  Eastman  Kodak  Co.  was  crystallized  from  amyl  alcohol. 

The  polymers  were  mechanically  melt  blended  at  200'C 
and  films  were  melt-pressed  between  50  pm  thick  films  of 
Uplex  (Ube  Industry,  Japan)  on  a  heated  press  to  a  thickness 
between  40  to  70  pm.  The  molted  films  were  quenched  into 
liquid  nitrogen. 

The  solute  probe  DANS  was  introduced  by  soaking  the 
polymer  films  in  n-propyl  alcohol  soiuliv.is  saturated  with 
DANS  at  the  boiling  point  of  the  alcohol  (97'C)  for  4  h 
followed  by  drying  overnight  at  room  temperatuie  in  vacuum. 
The  concentration  of  DANS  in  the  blend  was  5.0  -  6.5  mmol/1. 

The  blend  films  were  poled  by  applying  a  constant  volt¬ 
age  for  I  h  at  80'C  in  the  nitrogen  atmosphere  to  aluminum 
electrodes  which  had  been  evaporated  onto  opposing  surfaces 
of  the  films.  Pyroelectric  response  was  determined  by 
measuring  the  current  generated  upon  heating  and  cooling  the 
poled  film  at  a  measured  rate,  usually  0.1  -  0.8'C/min  in 
the  vicinity  of  30'C. 

UV-visible  spectra  of  the  films  were  measured  on  a 
Shimadzu  model  UV-2101PC  spectrophotometer  and  measured 
spectra  data  were  stored  in  a  computer  for  analysis. 

Data  Analysis 

Ej  was  calculated  using  the  equation  of 
ll/(l-f)lIA(».E)/y)-A(v.0)/y  =  lG(u)/(l-G(u))] 

*  (-3Cy(A(y  ,0)/v)/my  ♦  1 . 5CV{ A(v  .0)/v )/yv^}  (1) 

where 

G(u)  »  1  -  3coth(u)/u  ♦  3/u^  (2) 


u  =  EjPj/kT  (3) 

C  =  (k  T  ip)/(h  c  p  )  (4) 

dipole  moment  of  DANS  in  the  ground  state,  k: 

Boltzmann’s  constant,  T:  absolute  temperature,  gp:  the 
difference  between  the  dipole  moments  in  the  excited  state 
and  in  the  ground  state,  h:  Planck's  constant,  c:  the  speeo 
of  light. 

The  first  and  second  derivatives  of  A(v.0)/v  were 
evaluated  as  a  function  of  v  to  determine  the  value  vj.  for 
which  the  right  hand  side  of  equation  (1)  was  zero.  When 
o(A(v.0)/v)/*v  =  (C/2)^^^A(v,0)/vl/,v^  a  value  of  (1-f)  was 
chosen  to  make  the  spectra  of  the  poled  and  unpoled  samples 
intersect  at  v|.  i.e.,  A(v|(.E)/l  { l-f)v||}=A(v,,0)/v,.  Having 
normalized  the  curves  at  vj,  the  difference  in  absorbance 
between  the  two  spectra  at  several  other  values  of  v  were 
then  determined,  the  derivatives  were  evaluated  at  the 
corresponding  values  of  v  as  required  for  equation  (1)  and 
the  quantity  lG(u)/( l-G(u) ) ]  was  evaluated  from  a  linear 
least  squares  fit.  From  G(u)  and  equation  (2),  a  value  of  u 
was  obtained  from  which  Ej  was  evaluated. 

The  degree  of  orientation  F  of  dye  to  the  direction  of 
electric  field  (to  the  sample  thickness)  was  estimated  as 
follows.  Modified  dichroic  ratio  D  of  (I#/Ia)V(l<r/I.i)®  was 
measured,  tilting  the  sample  film,  where  and  Ij,  are  the 
absorbances  parallel  to  and  perpendicular  to  the  tilting 
axis,  respectively,  and  superscripts  of  P  and  0  mean  poled 
and  unpoled.  Then  F  was  estimated  using  the  conventional 
equation  of  F=( l-D)/( l'*2D)  with  D  extrapolated  to  the  tilt¬ 
ing  angle  of  90‘ . 


Results  and  Discission 

Figure  1  shows  the  effect  of  poling  on  the  absorption 
spectrum  of  the  dissolved  DANS.  It  is  apparent  that  the 
poling  causes  the  slight  shift  of  maximum  peak  in  spectrum 
to  longer  wavelength,  which  shows  the  electronic  state  of 
DANS  dissolved  in  the  amorphous  region  is  subject  to  the 
strong  internal  electric  field  created  between  the  P-PVDF 
crystallite  dipoles.  The  decrease  of  absorption  intensity 
by  poling  is  mainly  due  to  the  reorientation  (alignment)  of 
DANS  to  the  internal  field.  After  normalizing  the  poled 
DANS  spectrum  using  the  procedure  described  in  the  section 
of  Data  Analysis,  internal  electric  field  was  calculated. 

Figure  2  shows  the  plots  of  Ej  and  after  the  poled 
sample  film  was  stored  at  room  temperature  for  the  indicated 
aging  time.  The  poling  was  carried  out  to  apply  a  constant 
field  of  0.5  MV/cm  at  80*C  for  Ih  in  the  nitrogen  atmos¬ 
phere.  Ej  decayed  in  the  several  hours  after  poling  and 
almost  leveled  off  in  a  few  days.  Ej  of  1.3  MV/cm  immedi¬ 
ately  after  poling  leveled  off  to  ca.  1.0  MV/cm.  It  is 
noted  that  Ej  is  twice  larger  than  the  poling  field  of  0.5 
MV/cm. 
ner. 

the  accumulation  of  ionic  countercharges  at  crystal-amor¬ 
phous  interface  described  below  or  the  loss  of  the  instable 
charges  induced  under  high  field  poling.' 

compared 

with  the  corresponding  results  of  VDF-TrFE  copolymer.  VDF- 


Cpppp  also  decayed  and  leveled  off  in  the  same  man- 
Decrease  of  E,  in  the  initial  several  hours  is  due  to 


n 

I  >  *  *.  OQ  . 

Table  I  shows  Ej  and  C  as  well  as  F  values, 
lults 

TrFE  copolymer  was  poled  at  room  temperature.  Although  Ej's 
of  both  systems  are  almost  the  same,  and  F  of  PVDF/PMMA 
are  smaller  than  those  of  VDF-TrFE  copolymer.  The  differ¬ 
ence  of  both  Cpypu  and  F  is  ascribed  to  the  difference  of 
mobility  of  dye  in  the  amorphous  region  due  to  the  differ¬ 
ence  of  glass  transition  temperature  of  both  systems. 

Higher  applied  field  produced  higher  Ej  and  Cp^^,  probably 
because  of  the  achievement  of  higher  ordered  state  of  p-PVDF 
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crystallite  dipoles. 

Figure  3  shows  Ej  and  after  the  poled  film  is 
annealed  for  two  hours  each  at  successively  higher  tempera¬ 
tures.  Cpjpj  monotonically  decreases  with  increasing  anneal¬ 
ing  temperature,  whereas  the  decreased  E,  up  to  60"C  changes 
to  increasing  until  it  falls  down  again  above  90‘C.  The 
WAXS  results  did  not  show  any  significant  change  of  crystal¬ 
lite  structure,  crystallite  size  and  crystallinity.  Thus 
the  decrease  of  Ej  and  Cpyi.^  with  increasing  annealing  temper¬ 
ature  is  ascribed  to  the  relaxation  of  the  aligned  crystal¬ 
lite  dipoles.  The  increase  of  Ej  after  annealing  to  the 
vicinity  of  90’C  is  attributed  to  the  loss  of  the  accumulat¬ 
ed  ionic  countercharges.  The  slight  increase  of  Ej  after 
heating  to  the  vicinity  of  80‘C  was  measured  in  the  VDF-TrFE 
copolymer,  and  it  was  explained  by  the  loss  of  the  localized 
F’  ion  at  crystal-amorphous  interface  which  is  generated 
during  high  field  poling^*.  Thus  PVDF/PMMA  blend  is  also 
considered  to  generate  F‘  ion  under  high  field  poling,  which 
is  localized  at  the  interface,  and  the  loss  of  the  localized 
F'  ion  is  responsible  to  the  increase  of  E^. 

The  effect  of  the  difference  of  the  crystal  form  on  E^ 
was  studied.  A  melt  and  slowly  cooled  PVDF/PMMA  film  shows 
the  crystal  form  of  type  II  (a-PVDF).  The  result  of  Ej  and 
Cppjj  are  also  listed  in  Table  1.  It  is  clear  that  Ej  created 
by  a-PVDF  crystallite  dipoles  is  smaller  than  that  by  3-PVDF 
one,  which  is  consistent  with  the  results  of  The 

smaller  net  dipole  moment  of  a-crystallite  phase  is  respon¬ 
sible  to  the  smaller  values  of  Ej  and  Cp^^. 

Conclusion 

It  was  found  that  the  B-PVDF  crystallite  dipoles  in  the 
PVDF/PMMA  blend  create  the  strong  internal  electric  field 
which  aligns  the  dye  semipermanently.  Further  this  blend 
has  the  good  optical  quality  of  almost  not  scattering  light 
in  the  visible  region.  These  properties  will  guarantee  this 
blend  as  one  of  the  candidate  of  the  SHG  material. 
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Table  I.  Results  of  E^  and  Cpyi.^  and  F 


(MV/cm) 

Sjro  2 
(nC/cm'^K) 

F 

PVDF/PMMA  (8- form) 

1.9  -  2.0 

0.35  -  0.5 

0.01  -  0.02 

VDF-TrFE  Copolymer 

2.0 

1.3 

0.05  -  0.1 

PVDF/PMMA  (a- form) 

0.56  -  0.7 

0.13  -  0.17 

Wavelength  (nm) 


Figure  1.  Absorption  spectra  of  DANS  in  PVDF/PMMA  before  an. 
after  poling.  Poling  field  is  0.8  MV/cm. 


Figure  2.  Dependence  of  Ej  and  on  aging  time  at  room 
temperature . 


Figure  3.  Dependence  of  E,  and  on  annealing  temperature 
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Introduction.  The  conjugated  aromatic  polyazomethines  are 
tbemially  stable  film—  and  fiber-forming  materi^s  that  exhibit  good 
mechanical  stre^h,  thermotropic  liquid  crystallinity,  and  lyotropic 
liquid  crystallinity  in  concentrated  sulfuric  or  methanesulfonic  add 
[l-n3].  Although  these  features  of  the  aromatic  polyazomethines  have 
investigated  for  many  years  fl-3],  the  detailed  structure  and 
solid  state  properties  of  this  class  of  polymers  have  not  been  studied 
because  of  thdr  general  inaolubiixty  except  in  strong  concentrated 
adds  in  which  they  rapidly  denade  due  to  the  hydrolysis  of  the  Schiff 
base  (-CH=N— ).  We  recently  reported  the  preparation  of  soluble 
complezes  of  a  series  of  conjugate  aromatic  polyazomethines  and 
their  solution  processing  to  optical  quality  thin  films  suitable  for 
characterization  of  linear  optical,  nonlinear  optical,  and  electronic 
properties  of  the  polymers  [4],  Here,  we  will  report  on  our  study  of 
the  third-order  nonlinear  optical  properties  of  a  series  of 
homopolymers  and  random  copolymers  of  the  conjugated  aromatic 
polyazomethines. 

Our  interest  in  these  aromatic  SchiH  base  polymers  as 
third-order  nonlinear  optical  materials  is  based  in  part  on  their 
unique  structure  and  their  relationship  to  other  p-phenylene 
polymers.  The  conjugated  aromatic  polyazomethines  are  isoelectronic 
with  poly(p-^)henylene  vinylene)  and  derivatives  whose  electronic 
structure  and  nonlinear  opti<^  properties  have  been  widely 
investigated  (5-S].  For  example,  films  of  PPV  and  its  2,5-dimetboxy 
derivative  have  a  measured  by  third  harmonic  generation,  of 
7.8x10*“  and  5.4x10*“  esu,  respectively,  at  1.8a  fm  |7].  Highly 
oriented  PPV  films  have  a  y'D  of  1.5x10*“  csu  at  1.85/(m  (9). 
Similarly  large  third  order  optical  nonlinearities  can  be  expected  in 
conjugated  aromatic  polyazomethines.  On  the  basis  of  the 
theoreticaUy  predicted  anharmonidty  effect  on  (101,  the  aromatic 
pdyazomethines  might  be  expected  to  have  larger  optical 
noniinearities  compared  to  their  corresponding  vinylene-linked 
polymers  due  to  the  anharmonidty  arising  from  a  nitrogen  repladng 
one  CH  in  vinylene  links. 

We  have  synthesized  and  prepared  thin  films  of  a  series  of 
homopolymers  1  and  random  copolymers  2  in  order  to  investigate  the 
struct nre-y<  I’  relationships  in  this  dass  of  conjugated  polymers. 
This  paper  reports  our  picosecond  third  harmonic  generation 
measurement  of  *>  and  its  wavelength  dispersion  in  selected 
members  of  1  and  2.  Trends  in  the  structure-^*  ”  correlations  for  all 
the  homopolymers  and  random  copolymers  will  be  presented. 

Experimental.  All  the  monomers  used,  whether  synthesized  or 
purchased,  were  rigorously  purified  prior  to  polymerization.  All  the 
pdymers  were  prepared  by  the  solution  polymerization  of  aromatic 
diamines  with  aromatic  dialdehydes.  Details  of  the  synthesis  and 
chmcterization  of  the  polymers  are  described  elsewhere  NH.  The 
iidlowing  are  typical  synthetic  procedures.  Copolymer  PPl/PMPI 
(2a);  This  copolymer  was  prepared  by  solution  polymerization  of 
1.0677  g  (8.74  mmol)  2-methyl— 1,4— phenylenediamine.  0.9453  g  (8.74 
mmol)  1,4-phenyIenediamine  and  2.3450  g  (17.48  mmol) 
terephthaldehyde  in  the  presence  of  1  g  LiCl  in  a  50  mL  1:1 
HMPA/NMP  solution  at  room  temperature.  After  purification  and 
vacuum  drying  the  yield  was  3.647  g  (98%).  >H  NMR  of  PPI/PMPI: 
(CD,NOz/GaCli)  2.80,  8.10,  8.30,  8.70,  9.70,  and  9.83  ppm.  PMOPI 
(Id).  1.4339  g  (13.26  mmol)  l,4^henJenediamine  was  reacted  with 
2.5724  g  (13.26  mmol)  2,5-<iimethoxyterephthaldehyde  in  40  ml  1:1 
HMPA/NMP  and  0.8  g  LiCl  under  nitrogen  purge  at  room 
temperature.  After  48  hrs  polymerization  time,  the  polymer  was 
precipitated,  washed  repeatedly  with  water  and  methanol  and  dried 


la.  R,  -  R2  -  Rj  ■  H  (PPI) 

lb.  R,  -  CHj  ,  Rj  -  Rj  -  H  (PMPI) 

lc.  R,  -  OCH3  ,  Rj  -  Rj  •  H  (MO-PPI) 

ld.  R,  -  Rj  -  H  ,  Rj  -  OCH3  CPMOPI) 

le.  R,  -  OCH3  ,  Rj  -  H  ,  Rj  •  OCH3  (MO-PMOPI) 
If  R|  -  Rj  -  OCH3  .  R3  -  OCH3  (DMO-PMOPI) 
Ig.  R,  -Rj-H.  Rj  -  OH  (PHOPI) 


N=  Of— CH — N  ^ 


2 

2a.  R,  -  CH3  .  Rj  -  H  (PPI/PMPI) 
2b.  R,  -  H  .  Rj  -  OCH3  (PPI/PMOPI) 


under  vacuum  to  afford  an  orange  powder  (3.25  g,  92%  yield).  >H 
NMR  of  PMOPI;  4.50,  8.20,  and  9.60  ppm. 

Thin  films  of  the  polymers  were  prepared  on  optically  flat 
fused  silica  substrates  (5  cm  in  diameter)  from  either  soluble  GaClj 
complexes  in  nitromethane  or  di^n-cresylphosphate  (DCP) 
complexes  in  m-cresol  (4).  Figure  1  shows  the  electronic  absorption 
spectrum  of  the  parent  aromatic  polyazomethine,  la  (PPI).  This 
electronic  spectrum  shows  that  PPI  absorbs  in  the  visible  with  A.ax  at 
405  nm  and  an  optical  bar.dgap  (Eg)  of  2.'^0  eV.  2,5-dimelhoxy 
substitution  of  every  other  p-phenylene  ring  in  PPI  significantly  red 
shifts  the  electronic  absorption  spectrum  as  observed  in  Figure  1  for 
the  spectrum  of  PMOPI  (Id).  The  Aaax  and  Eg  of  PMOPI  are  450 
nm  and  2.34  eV,  respectively.  Other  substitutions  in  the  aromatic 
polyazomethines  produced  expected  variation  in  the  bnear  optical 
properties  Aaaz  and  Eg.  The  polymer  Ig,  for  example,  has  a  Aau  and 
Eg  values  of  494  nm  and  2.07  eV,  respectively. 


Wavelength,  X(nm) 

Figure  1  Electronic  absorption  spectra  of  thin  films  of  PPI  and 
PMOPI 
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The  third  harmonic  generation  (TDG)  measurements  of  the 
magnitude  of  ”  (—Zhr,tj,u,u)  were  made  by  using  a  picosecond  laser 
system  continuously  tunable  in  the  range  0.6—4  0  ;im  [11]  and 
following  the  procedure  previously  described  [12].  The  THG 
experiments  in  the  present  study  were  performed  at  a  fundamental 
wavelength  of  0.9— 2.4;im.  The  reported  x*  ”  values  are  average 
values,  corrected  for  absorption  at  the  third  harmonic  wavelength, 
and  obtained  relative  to  the  x'  fused  silica  (2.8xl0''<  esu  at 

1.9/im)  [I3l.  The  error  for  the  reported  x*  ”  values  is  ±20%  due 
mostly  to  tne  error  in  film  thickness  measurement.  The  repeatability 
of  individual  results  for  each  sample  was  ±5%. 

Results  and  Discussion.  The  wavelength  dispersion  of  the 
magnitude  of  the  third  order  susceptibility  of  PPI 

and  PMOPI  thin  films  in  the  wavelength  range  0.9-2.4;mi  is  shown  in 
Figure  2.  The  nonresonant  x*’’  values  for  PPI  and  PMOPI  were 
~2xl0'tJ  and  ~lxl0'“  esu,  respectively,  at  2  pm  wavelength.  The 
magnitude  of  the  nonresonant  cubic  optical  nonlinearity  of  PMOPI  is 
a  factor  of  5  larger  than  that  of  the  parent  aromatic  polyazomethine, 
PPI.  This  enhancement  of  the  nonresonant  third  order  optical 
properties  of  PPI  by  dimethoxy  substitution  can  be  explained  by  the 
greater  electron  delocalization  in  PMOPI  as  evidenced  by  its  smaller 
bandgap. 


WAVELENGTH,  L(nm) 

Figure  2  The  spectra  of  two  aromatic  polyazomethines  (PPI 
and  PMOPI). 


The  x**'  spectra  of  PPI  and  PMOPI  in  Figure  2,  exhibit  a 
resonance  feature  that  can  be  attributed  to  multiphoton  processes 
since  the  electronic  spectra  of  the  polymers  did  not  show  any 
absorption  features  in  the  wavelength  range  0.80— 3pm.  The  resonance 
peak  in  the  x**’  spectra  of  PPI  and  PMOPI  was  ~1.2pm  and 
~1.35pm,  respectively,  and  hence  suggests  a  three-photon  resonance 
as  the  origin  of  the  observed  peak  in  the  wavelength  dispersion  of  the 
third  order  optical  susceptibility.  The  magnitude  of  the  three-photon 
enhanced  x*^’  of  PPI  and  PMOPI  was  1.6x10'H  and  S.OxlO"'*  esu, 
respectively.  Thus,  three— photon  resonance  enhancements  results  in 
about  one  order  of  magnitude  increase  for  PPI  and  a  factor  of  5 
increase  for  PMOPI  above  the  nonresonant  optical  nonlinearities  of 
these  two  aromatic  polyazomethines. 

In  the  X**’  spectrum  of  PHOPI,  two  resonance  peaks  were 
observed  and  similar  in  line  shape  to  the  two  peaks  observed  in  the 
electronic  absorption  spectrum  of  the  polymer.  The  nonresonant  x’  ” 
of  PHOPI  was  ~2xl0''’  esu  at  2.4/mi  which  is  the  same  as  the 
unsubstituted  parent  polymer  PPI.  The  three— photon  resonance 
enhanced  x*  ”  increased  by  a  factor  of  only  ~5  above  the  nonresonant 
value.  The  observed  nonresonant  and  resonant  optical  nonlinearities 
of  PHOPI  are  very  surprising  when  compared  to  those  of  PPI  and 
PMOPI.  Since  the  electron  delocalization  in  PHOPI,  as  measured  by 
the  A.u  and  Eg  values,  is  greater  than  in  PPI  and  PMOPI,  it  was 
anticipated  that  the  magnitude  of  x*  ’’  in  PHOPI  will  also  be  larger. 
Instead,  it  was  observed  that  the  optical  nonlinearity  in  PHOPI  is 


about  the  same  as  in  PPI  but  significantly  less  than  in  PMOPI 
These  results  suggest  that  an  important  structural  factor,  other  thai 
electron  delocalization,  is  also  at  play  in  the  magnitude  of  the  cubii 
optical  nonbnearities  of  the  polymers.  The  effects  of  other  rinj 
substituents  and  substitution  patterns  and  random  copolymerizatior 
on  the  cubic  nonlinear  optics  of  conjugated  aromatic  polyazomethine* 
will  be  presented. 

Conclusions  We  have  prepared  optical  quality  thin  films  of  j 
series  of  homopolymers  and  copolymers  of  aromatic  polyazomethines 
and  investigate  their  cubic  noeinear  optical  properties  by  picosecond 
third  harmonic  generation  in  the  wavelength  range  0.9— 2.4pm  in  order 
to  understand  the  underlying  structure— x‘  relationships.  The 
results  shown  that  the  magnitude  of  the  third  order  optical 
susceptibility  of  the  conjugated  aromatic  polyazomethines,  as 
measured  by  THG,  was  about  10'*^  to  10'“  esu  off— resonance  and 
about  10'“  to  10'‘°  esu  with  three-photon  resonance  enhancement.  In 
some  series  of  the  polymers  x‘”  was  observed  to  increase  with 
increasing  electron  delocalization  as  measured  by  and  Eg. 

However,  it  was  found  that  this  relationship  does  not  hold  in  some 
members  of  the  conjugated  polymers  1  and  2. 
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